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INTRODUCTION 
The importance of soil compaction to plant growth was 
recognized in the late eighteen hundreds by Woliny, Hllgard, 
Johnson, and others as quoted by Baver (1956), pages 5, 6, and 
7. Little additional work on soil compaction and plant growth 
was done until the last 20 to 30 years when it became apparent 
that soil compaction resulting from continuous culture of row 
crops and mechanization of farm equipment may considerably 
reduce plant growth and crop yields. According to a report of 
the Soil Compaction Committee of the American Society of Agri­
cultural Engineers (American Society of Agricultural Engineers, 
1958) 24 Agricultural Experiment Stations in the United States 
and Canada are currently doing research on soil compaction. 
The reduction of plant growth due to soil compaction is 
generally accepted as being a result of increased impedance 
to plant roots, decreased soil aeration, decreased water 
infiltration and permeability, increased erosion losses, and 
decreased aggregation. In spite of the generally accepted 
Importance of soil compaction, there are relatively few quan­
titative data which clearly point out the exact cause of re­
duced plant growth or the extent of the reduction. A condi­
tion which causes a change in one of these physical properties 
and resulting in a reduction in plant growth and yield is 
often accompanied by a change in one or more other physical 
properties which may also reduce plant growth and yield. For 
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example, when water Infiltration and permeability are reduced, 
there is usually a reduction of soil aeration and an Increase 
in mechanical Impedance to growth of plant roots. For this 
reason, it is often hard to separate the effects of each 
physical property on plant growth and yield. 
There also have been contradictory findings reported in 
the literature about the effects of many of the physical 
properties on plant growth and yield. For example, there have 
been many experiments designed to study the effect of soil 
aggregation on plant growth; the results of about 50 percent 
of these studies Indicate that soil aggregation does not In­
fluence plant growth while the results of the remaining 50 
percent indicate that soil aggregation does influence plant 
growth. Contradictory research findings have also been re­
ported In the literature for soil penetrability, soil aera­
tion and other physical properties. 
In view of the foregoing results, the purpose of the fol­
lowing study is (a) to measure various soil physical proper­
ties and thereby to determine, if possible, some measurable 
physical property or properties which influence corn growth 
and yield under field conditions and (b) to study, subse­
quently, more Intensively the physical properties which in­
fluence growth and yield of corn under field conditions. 
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REVIEW OF LITERATURE 
General 
Hundreds of articles have been written about the effect 
of soil compaction on physical properties and plant growth; 
this review of literature will Include those articles con­
sidered to be the most Important in relation to the present 
study. 
Lutz (1952) and Raney, et al. (1955) give recent litera­
ture reviews on soil compaction. These reviews point out that 
compact soil layers may be unfavorable to root growth because 
of lack of moisture or oxygen, and because of mechanical 
impedance to root penetration. 
When studying the effects of compaction on plant growth 
in the field, it is often difficult to show conclusively the 
property or properties affecting plant growth, since soil 
compaction Influences practically all physical properties in 
one way or the other. Some are Influenced more than others 
and one may be influenced considerably but not reduce plant 
growth because that property may not be near a critical level. 
In another situation some physical property may be influenced 
slightly but yet affect plant growth drastically since that 
property was near a critical level. Another confounding fac­
tor is weather since plants often react differently to many 
physical properties depending upon the weather. 
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Soil Compaction Experiments 
Day and Holmgren (1952) compressed soil aggregates rang­
ing in size from 1 to 2 millimeters in a pressure chamber and 
examined them microscopically to determine the nature of the 
changes occurring in the aggregates during the application of 
pressure. Two soils, Yolo sllty clay loam and Aiken clay 
were compressed at various pressures, 7, 14 and 21 pounds per 
square inch at a rate of 10.5 pounds per square inch per hour 
and at various moisture contents ranging from the wilting 
point to slightly above the lower plastic limit, ranges near 
the upper plastic limit being excluded. Deformation occurred 
readily at the lower plastic limit, causing a progressive 
closing of the interaggregate spaces as the pressure was in­
creased. At water contents below the lower plastic limit, 
deformation appeared to be localized in the areas of contact 
between aggregates and consisted mainly of flattening of the 
aggregates against one another. 
A thy (1930) measured the bulk density of 2,200 samples 
taken from wells in north-eastern Oklahoma and parts of Texas 
and from depths ranging from 200 to 5,000 feet. The samples 
were taken from an area in which approximately the same 
amounts of sediments were deposited after a known geologic 
period with no intervening unconformity. When the bulk 
density versus depth data were plotted, the resulting curve 
could be expressed as D = B + A (1 - exp(-bx)|, where D = 
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density to be calculated, B = density of the surface clay, 
A = 1.3 (the maximum density increase possible), b = constant, 
and x = depth of burial. The porosity of 200 of the 2,200 
samples was also determined and plotted against depth of 
burial. This resulting curve could be represented by P = 
p exp(-bx) where P = porosity to be calculated, p = porosity 
of surface material, b = constant, and x = depth of burial. 
The porosity equation fit the experimental data about as well 
as the bulk density equation which is to be expected since 
bulk density and porosity are functionally related for a given 
particle density. 
Spencer, et al. (1950) investigated the relationship be­
tween the forces at the ends of a volume of granular polymers 
( thermoplastics) in a channel of constant cross-section when 
the granular mass was just on the point of motion. As the 
forces at the ends were increased, the sample was compacted. 
This compaction proceeded as if the average porosity of the 
sample were characterized by a compressibility coefficient. 
The porosity was given by the relation, 6 = 60 exp (-BP) 
where 0 = porosity, 00 = initial porosity when P = 0, B = 
compressibility coefficient, and P = pressure. It may be 
noted that this expression is like the one found by Athy 
(1930) above. The compressibility coefficient, B, of poly-
stryrene, a thermoplastic, was found to be close to that for 
the earth's crust (Athy's "b"). On the basis of this the 
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authors concluded that "It Is the particulate nature of the 
material which is important in determining the compressibility 
coefficient rather than the details of the individual par­
ticles . " 
McMurdie and Day (1958) compressed, in a rubber membrane, 
moist soil aggregates ranging in size from 1 to 2 millimeters. 
The compressive pressure was effected by the use of compressed 
air. Their results indicated that moist soil aggregates com­
press in a manner similar to that postulated for a macro-cube 
of perfectly plastic bodies, except that the soil aggregate 
samples expanded appreciably when the applied pressure was 
released slowly whereas a sample of perfectly plastic bodies 
did not expand upon release of applied pressure. They ex­
plained this by assuming that soil aggregates are capable of 
shrinking and swelling due to movement of water in and out 
of the aggregates when under the influence of varying mechan­
ical stress whereas perfectly plastic bodies are not capable 
of swelling and shrinking under the influence of varying 
mechanical stress because water can not move in and out of a 
perfectly plastic body. 
Soil Compaction, Aeration and Plant Growth 
As early as 1918 Townsend (1918) stated that a hard layer 
near the surface, which was not successfully broken up, made 
the growing of beets for sugar impossible. Such a layer 
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caused the beets to push out of the ground as they grew, and 
they were short, giving a low yield with a low sugar content; 
however, Townsend does not cite data to support the above. 
Taubenhaus, et al. (1931) found that compact soils prevented 
or seriously affected cotton root penetration in Texas. 
Phillips (1955) found that compaction, as Indicated by bulk 
density, as a result of continuous cultivation, significantly 
decreased yield and quality of white burley tobacco. 
De Roo (1957) found that penetration of roots of cigar 
tobacco was significantly reduced when the bulk density was 
increased by tillage implements from 1.33 g. per cc. to 1.45-
1.52 g. per cc. Fuller (1958) also found that yields of guar, 
cotton, barley, and alfalfa were significantly reduced as a 
result of compaction due to tillage implements. 
Huberty (1944) observed in citrus orchards in southern 
California that cultivation produced the highest bulk densi­
ties and the greatest reduction in water-penetration on those 
soils in which there was a wide range of particle sizes, such 
as gravely loams derived from igneous rocks high in quartz. 
In one orchard located on gravelly loam soil on a recent 
alluvial fan, a cultivation pan, resulting from cultivating 
the soil between the rows of citrus trees, had been formed 
with a bulk density about 50 percent higher than that cf cor­
responding uncultivated soil. The uncultivated soil had a 
bulk density of 1.28 g. per cc. and the cultivated soil a bulk 
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density of 1.92 g. per co. No tree roots were found in the 
compacted soil of bulk density 1.92 g. per cc. 
Goedewaagen and Schuurman (1955) studied plant root 
development in soils consisting of a layer of clay above a 
sandy subsoil. They found that the depth of root penetration 
and the concentration of roots were directly related to the 
depth of clay overlying the sandy subsoil. Roots did not 
penetrate the sandy layer (in most cases very compact) except 
in a few occasions where the sandy layer had been broken up 
by deep cultivation. Goedewaagen and Schuurman assumed that 
the roots did not penetrate the sandy layer because of the 
lack of nutrients and water in the sandy layer. Their explana­
tions does not seem complete; for compaction, rather than or 
in addition to nutrients and water, may have been limiting be­
cause they found that roots did penetrate the compact layer 
when it was broken up. 
Gill and Miller (1956) investigated the influence of 
mechanical impedance and aeration on the growth of corn seed­
ling roots. The study was conducted by placing germinated 
corn seeds in a small growth chamber, covering them with glass 
beads 50 microns in diameter, and then applying various pres­
sures to the seeds by the use of a rubber diaphragm and air 
pressure. Gas of varying oxygen concentrations could be con­
tinuously passed through the growth chamber and the air pres­
sure In the growth chamber was approximately atmospheric. 
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With the system Gill and Miller could control the atmosphere 
in the growth chamber; however, they could not state precisely 
the mechanical impedance imposed on the growing corn roots. 
Nevertheless, they concluded that the rate of growth of un­
impeded roots decreased when the oxygen content fell below 
10 percent and that the rate of growth of impeded roots de­
creased at a faster rate under the same conditions. 
Veihmeyer and Hendrlckson (1956) compacted pre-moistened 
soil to a bulk density of approximately 1.80 g. per cc. In 
cans and sealed them with a mixture of paraffin and petrola­
tum. Roots were found to penetrate readily the mixture of 
paraffin and petrolatum. Sunflower plants were started In 
loose, moistened soil immediately above the paraffin-petrola­
tum seal and the seedlings were allowed to grow to a height of 
4 to 6 inches; then they were allowed to wilt. After the 
plants wilted, the cans were cut longitudinally with a hack 
saw and samples were taken for moisture and bulk density 
determinations. Observations were also made on the quantities 
of roots in the sample. The amount of moisture extracted from 
the sample during the experiment also indicated the presence or 
absence of roots. Sunflower roots did not penetrate a gravel­
ly loam soil at all and penetrated into a clay loam soil only 
a few centimeters, while the roots easily penetrated a loam 
soil. Veihmeyer and Hendrlckson concluded that "density alone 
cannot be taken as a criterion of the ability of roots to 
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penetrate a soil; the size of the individual pores may also be 
a determining factor". They do not mention aeration in this 
article. 
Two years later Veihmeyer and Hendrlckson (1948) conduct­
ed another experiment using the same procedure as above to 
determine the threshold bulk densities at which sunflower 
roots would not penetrate. The soils used in this experiment 
were: Aiken clay loam, Bale gravelly loam, Chualar loam, 
Delano loamy sand, Dublin clay abode, Fresno sandy loam, Hol­
land sandy loam, Meyer clay abode, and Yolo clay loam. The 
threshold bulk densities above which sunflower roots did not 
penetrate were about 1.75 g. per cc. for the sands and varied 
from 1.46 g. per cc. to 1.63 g. per cc. for the clay soils. 
The aeration of the samples of high densities in which roots 
did not penetrate ranged from less than one percent to more 
than seven percent which is not generally considered to be 
adequate for normal plant growth. Sunflower roots, however, 
readily penetrated the same soils at lower bulk densities than 
the threshold bulk densities when the soils were saturated 
with water. This substantiated, In part, Veihmeyer and 
Hendrlckson1s (1946) conclusion that the lack of oxygen was 
not limiting root extension into samples of high bulk densi­
ties but that density and size of individual pores were limit­
ing root extension. 
The above articles by Veihmeyer and Hendrlckson are often 
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quoted and recognized as outstanding. But they did not meas­
ure root elongation and there still remained little quantita­
tive research on root elongation as related to pore size and 
soil density until Wiersum (1957) of the Institute of Soil 
Fertility, Groningen, The Netherlands, grew seedlings of sev­
eral plant species in a small container placed on sintered 
glass-filter discs of different pore sizes which were in turn 
placed on moist sawdust. The pore diameter of the discs 
were: 500-200 microns, 205-150 microns, and 105-90 microns. 
Roots did not penetrate pores smaller than the root tip diam­
eter. Thus, he showed that young plant roots of several 
species do not penetrate pores of a size smaller than the 
diameter of the root tips. Wiersum did not study corn. 
Wiersum also demonstrated the importance of the rigidity 
of pore structure in inhibiting root penetration in an experi­
ment where he grew seedlings in glass tubes of varying diam­
eters filled with sand of varying particle size where the 
diameter of the glass tubes were taken as a measure of the 
rigidity of pore structure. The glass tubes were 5, 8, 10, 
15, and 20 millimeters in diameter and 18 centimeters long. 
The tubes were watered with nutrient solution periodically 
and were allowed to drain freely through the bottom, thereby 
ensuring adequate aeration of the roots. Table 1 shows the 
results for Avena satlva and Brasslca rapa grown In sand of 
two particle size ranges. It is evident that the rigidity of 
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Table 1. Depth of root penetration (mm.) in relation to 
rigidity® of pore structure - averages of three 
observations (Wiersum, 1957) 
Species 
Size range of 
sand particles 
(microns) 
Diameter of tubea ( 
5 8 10 15 
mm. ) 
20 
Avena satlva 850-600 2 ? 10 33 46 
Brassica raoa 300-210 0 5 10 45 20 
aThe diameter of the tube is the measure of rigidity; 
in a large diameter tube low rigidity will be developed. 
sand particles as measured by the diameter of the tubes 
definitely inhibits root penetration where the pores of the 
sand particles are small. The pore diameters In the 850-600 
micron sand were probably In the range of 175-100 microns 
while those in the 300-210 micron sand were probably in the 
range of 65-40 microns. Wiersum states that the average size 
of a root tip is about 200 microns. 
A confirmation that use of the smaller size tubes in­
creased the rigidity of pore structure was obtained by Wiersum 
by pushing a thin steel wire into the tubes of sand. The 
wire could be forced down to the bottom of the large tubes 
of diameters 15 and 20 millimeters, but could not be forced 
to the bottom of the smaller tubes. In the narrowest tubes 
of 5 millimeters in diameter, the wire could only penetrate 
the sand for a few millimeters. In the tubes of intermediate 
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diameter, penetration from 1-5 centimeters was possible. 
Wiersum, without a doubt, demonstrated the importance of 
the rigidity of pore structure, that is, mechanical Impedance, 
to root penetration. Nevertheless, It is to be noted that it 
is difficult to show explicitly the importance of mechanical 
impedance in the field due to the similarity of its effect to 
that of excess water and insufficient aeration. 
Another important detrimental effect of excessive soil 
compaction Is increased soil resistance to plant seedling 
emergence. Most of the articles related to this problem have 
dealt with the modulus of rupture as affecting plant seedling 
emergence. The modulus of rupture is the force per unit area 
that a material will tolerate without breaking. Lemos and 
Lutz (1957) studied several factors affecting modulus of rup­
ture of soil. They state that "the modulus of rupture is 
directly proportional to the force required by seedlings to 
break crusts and emerge". They found that puddling of soil 
greatly increased the modulus of rupture, from three to 70 
times depending on texture, kind of clay, and kind of absorbed 
cations. For five of six soils studied, increasing bulk 
density however did not increase the modulus of rupture. 
This would indicate that since high bulk density is associated 
with low seedling emergence, the modulus of rupture was not 
a good index of the ability of seedling shoots to push through 
compacted soil. In contrast, Hanks and Thorp (1956, 1957) 
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compacted three soils of varying texture in the laboratory 
in order to increase the modulus of rupture as determined on 
moist, artificial soil crust samples and found that the 
emergence of wheat, grain sorghum, and soybean seedlings 
decreased as modulus of rupture Increased or as bulk density 
Increased. Emergence of these seedlings also decreased where 
moisture content was decreased In the available moisture range 
when bulk density was held constant. The reason the work of 
Lemos and Lutz does not agree with that of Hanks and Thorp 
may be due to moisture interactions. Here it is remembered 
that seedling emergence can sometimes be increased by the 
rolling of soils. 
Since compaction reduces the total pore space and the 
large pore space of soil, pore spaces which Influence the 
oxygen or aeration status of the soil, it is important to re­
view a few papers concerned with aeration and plant growth. 
Pepkowitz and Shive (1944) grew soybeans and tomatoes in 
nutrient solutions of various oxygen concentrations (0, 4, 8, 
and 16 ppm.) and measured daily uptake of calcium, potassium, 
and phosphorus. The absorption of these nutrient elements 
was related to the oxygen concentration of the nutrient solu­
tion. For soybeans, the maximum absorption rate was obtained 
at 16 ppm. For tomatoes the maximum absorption rate occurred 
at 8 ppm. The concentration of oxygen in equilibrium with 
distilled water at 25°C. is 40 ppm. 
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Cannon, as quoted by Russell (1952), reported results of 
a number of experiments on the effect of relatively low oxygen 
concentrations on the growth of roots of a large number of 
plant species. Observations were based on rates of root 
growth as measured over short periods of time in sand or soil 
cultures to which various static gas treatments had been 
applied. Cannon found that root growth at various levels of 
oxygen was strongly influenced by temperature and when the 
oxygen concentration was of the order of three percent, root 
growth was inhibited at all temperatures between 18° and 
30°C. Normal growth occurred with 10 percent oxygen at 18°, 
but at 30°C. the growth rate was reduced. Another important 
finding was that root growth could be maintained at low oxygen 
levels, providing a constant supply of oxygen could be main­
tained. This latter finding indicates that the rate of oxygen 
supply, as opposed to a measured level of concentration, is 
important since without an adequate rate, an adequate partial 
pressure of oxygen can not be maintained about the root. It 
is the level of partial pressure immediately next to the root 
which governs oxygen Intake by the root. Cannon's work 
implies that the oxygen levels, measured statically, are not 
the levels immediately surrounding the roots. 
Kramer (1951) conducted a number of experiments to learn 
how flooding the soil in which plants are growing causes 
Injury or death to the shoots. Tobacco, tomato, sunflower, 
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yellow poplar, and other plants growing in pots of sandy loam 
soil were subjected to flooding and their behavior observed. 
Flooding was followed by a rapid reduction in transpiration 
and water-absorbing capacity of the roots and by wilting of 
the plant shoots and subsequent death of some of the species. 
It was concluded that the inability of the plant roots to 
absorb water was not the only effect resulting from flooding. 
It was postulated that flooding probably stopped downward 
translocation of carbohydrates and auxins as well as causing 
toxic substances to move up into the shoot from the roots. 
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EXPERIMENTAL PROCEDURES 
Field Experiment 
Description of field experiment 
A Colo clay soil, a recent alluvial soil located near 
Ames, Iowa on the bottomland of Squaw Creek was selected for 
this compaction study. This soil was selected because irriga­
tion facilities were unavailable at other experimental sites 
in Iowa. A description of the Colo profile is given by 
McCracken (1956) on pages 310 and 311. Other chemical and 
physical properties can be found elsewhere in McCracken1s 
thesis. 
There are eight replications of six treatments in the 
experiment making a total of 48 plots. The plots are 40 feet 
by 13 1/3 feet and are in a randomized block design. The 
six treatments are: 
1. Existing fertility, normal compaction 
2. Existing fertility, moderate compaction 
3. Existing fertility, severe compaction 
4. Added fertility, normal compaction 
5. Added fertility, moderate compaction 
6. Added fertility, severe compaction 
Compaction was performed Just before planting time in 
1956, 1957, and 1958 and at moisture contents three to five 
percent by weight below field capacity which is approximately 
18 
32 percent (oven-dry weight basis) for the Colo clay soil. 
Normal compaction is that found under usual corn culture. 
Moderate compaction is defined as that compaction resulting 
from driving wheels of a Ford tractor back and forth a total 
of 20 times on the same strip of soil the width of the rear 
tractor wheel. Thus, when the plots were being compacted, 
after each set of 20 passes, the tractor would be displaced to 
the right or left the width of a rear wheel so as to compact 
the adjacent width of soil. This process was repeated until 
the entire plot was compacted. Severe compaction is defined 
as that compaction resulting from driving the right-front and 
right-rear wheels of a Ford tractor back and forth on the plow 
sole a total of 10 times, the plow sole having been exposed by 
plowing a furrow with a one-bottom plow. After plowing and 
compacting the plow sole, these plots, to complete the severe 
compaction treatment, were subjected to the moderate compac­
tion treatment. The front wheels of the Ford tractor exerted 
a pressure of approximately 10-12 pounds per square inch while 
the rear wheels exerted a pressure of approximately 13-15 
pounds per square inch. 
In 1956 before any treatments were applied, available 
phosphorus and potassium in the soil were measured.^ At the 
0-6 inch depth there were 15.2 pounds of available phosphorus 
iThe values reported were determined by the Iowa State 
College Soil Testing Laboratory, Ames, Iowa. 
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per acre and 233 pounds of available potassium per acre. In 
the 6-12 Inch depth there were 9.3 pounds of available phos­
phorus per acre and 246 pounds of available potassium per acre. 
This phosphorus and potassium status is considered to be moder­
ately high. The above was the fertility status of the exist­
ing fertility treatment in 1956. No fertilizer was added to 
the existing fertility plots in either 195? or 1958. The add­
ed fertility plots received 85 pounds of nitrogen per acre, 80 
pounds of phosphorus per acre, and 20 pounds of potassium per 
acre in 1956 and 1957. In 1958 the nitrogen fertilizer appli­
cation was doubled while the phosphorus and potassium applica­
tions remained the same. 
An excess of corn seeds was planted each year and the 
plants thinned to a uniform stand of 16,000 plants per acre. 
Due to the inability of a corn planter to put the seeds below 
the surface of the compacted soil, a cylindrical hole 1 inch 
in diameter and approximately 3 inches deep was made and the 
corn seeds were placed by hand into the hole. The hole was 
then filled with moist, loose, friable soil. The non-compact-
ed plots were planted with a hand operated corn planter. The 
corn was planted in hills with 40 inches between hills in the 
east-west, north-south directions; thus each plot contained 
48 hills of corn (four hills wide and 12 hills long). 
The experiment was located on nearly level topography, 
therefore, essentially all the rain water and irrigation 
water which fell on a given plot remained on that plot. A 
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total of 18, 11, and 5 Inches of irrigation water was added 
by sprinklers as needed to maintain the soil well above the 
wilting point during the growing seasons of 1956, 1957, and 
1958, respectively. 
The experiment was, as a result of abnormal rain, flooded 
from nearby Squaw Creek for about 8 hours in mid-June, 1957. 
In 1958 flooding occurred again in late June and in early 
July, once for about 8 hours and once for about 16-20 hours. 
The flooded water was essentially still water and did not 
cause any erosion. Each time, after recession of the water, 
the corn plants recovered quickly. 
The experiment was two-way cultivated on two occasions 
in 1956 in order to control weeds. In 1957 and 1958 the 
experiment was not cultivated; weeds were controlled by cut­
ting the weeds off at the surface of the soil with a hoe. 
Plant measurements 
Seedling emergence A field-corn, seedling-emergence 
study was carried out on one-half of the plots of the experi­
ment in 1957. Immediately before the moderate compaction 
(surface compaction) treatment was applied, corn was planted 
in hills with four corn kernels per hill. The hills, as 
stated, were 40 inches apart in the east-west, north-south 
direction but the rows in the east-west direction were located 
half way between the regular rows of corn. After planting 
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the rows on which emergence was to be studied, the moderate 
and severe compaction treatments were surface-compacted and 
the regular rows of corn were then planted. Each of the plots 
included in the emergence study now had 96 hills of corn per 
plot, eight hills wide and 12 hills long. Three weeks after 
planting, the emerged seedlings in each plot were counted 
and the percent emergence calculated. These plants were then 
destroyed, leaving the regular rows of corn. 
Plant height measurements Plant height measurements 
of the tallest plants, leaves extended, In each of 10 hills 
of each plot were taken periodically before tasseling of the 
corn. The hills which were measured were selected at random 
from the two center rows of each plot. 
Tasseling and silking dates Tasseling and silking 
dates were determined and are defined as the date on which 
75 percent of plants silked or tasseled. A plant was con­
sidered to be silked when the silk of the ear could be seen 
and a plant was considered to be tasseled when pollen grains 
appeared on approximately one-half of the tassel. 
Total yield of N, P. and K in corn leaves On the date 
in which a plot was 75 percent silked, 20 leaves of corn were 
collected from each plot. The 20 leaves were selected at 
random from plants in the two center rows of each plot and 
were taken opposite and below the ear on the plants. The 
total nitrogen, phosphorus, and potassium content of the 
22 
leaves as well as dry matter yield were determined for each 
plot. The product of dry matter yield and percent N, P, or 
K gave the total yield of N, P, or K per 20 leaves for each 
plot. 
Root study In 1958 a root study was made shortly 
after tasseling by the use of pin-boards similar to those de­
scribed by De Roo (1957). Slabs of soil 24 inches wide by 6 
inches long were taken to a depth of 24 inches directly under 
corn hills having four plants each. A trench was first dug to 
a depth of approximately 3 feet; the pin-board was then driven 
into the face of the trench. Another trench approximately 12 
inches from the first was dug. The slab of soil was then 
trimmed to approximate size and transported to a greenhouse• 
In the greenhouse the slab was trimmed to size and then placed 
in a tray of water. After soaking in the water for 24 hours, 
a stream of water was directed onto the slab in order to wash 
the soil away from the roots. The pin-boards containing the 
corn roots were sectioned by depth, and the roots were oven 
dried to determine the oven dry weight of roots. 
Corn yields The ear corn of 20 hills per plot, 10 
hills per row of the two center rows, was harvested at normal 
harvest time, were weighed, and were sampled for moisture in 
order to determine the yield of corn in bushels per acre. 
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Physical measurements 
Textural analysis The recalibrated hydrometer method 
for determining mechanical analysis of the surface 6 inches 
of soil as outlined by Bouyoucos (1951) was followed. The 
United States Department of Agriculture particle classifica­
tion was used. This classification considers sand to be from 
2 millimeters to 0.05 millimeters in diameter, silt from 0.05 
millimeters to 0.002 millimeters in diameter, and clay less 
than 0.002 mi111meters in diameter. 
Plot elevations Average plot elevations were deter­
mined by the use of an engineer's level. The average eleva­
tion of the normal (non-compacted) treatment in 1956 was taken 
as a reference level. 
Bulk density Bulk density (mass of oven-dry soil per 
unit bulk volume of soil) was determined on undisturbed soil 
cores taken with a power-driven core sampler developed by W. 
F. Buchele.^ By the use of this sampler it is possible to 
take an undisturbed soil cylinder 3 inches in diameter and 18 
Inches long. Here, a cylinder of soil, for only the surface 
15 inches was taken and was cut into 3 inch lengths and each 
length then placed in moisture cans. The samples were then 
•^Formerly Assistant Professor of Agricultural Engineer­
ing, Iowa State College, Ames, Iowa; now at Michigan State 
University, East Lansing, Michigan. 
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transported to the laboratory where they were weighed before 
and after oven-drying at 105°C. The bulk density as well as 
the moisture content could then be calculated. 
In 1958 bulk density was also determined by the use of 
radiation equipment as described by Phillips, et al.^ This 
equipment consisted of a surface moisture probe and a surface 
density probe. The former measures the moisture content while 
the latter measures the wet density; the bulk density can then 
be calculated from the difference of the moisture content and 
the wet density. 
Needle penetration Penetrometer readings were taken 
p 
by the use of a needle penetrometer. A penetrometer such as 
this one has not previously been used in agronomic work as 
far as the writer knows. In making the measurements, the 
needle was adjusted until the point was flush with the soil 
surface, after which the needle plunger was released allowing 
the needle to penetrate into the sample. The depth of pene­
tration could immediately be read from a dial on the instru­
ment. The penetrometer is made such that weights up to 200 
grams can be loaded on the needle. Various weights were used 
1R. E. Phillips, C. R. Jensen, and Don Kirkham. Use of 
radiation equipment for plow layer moisture and density. 
Manuscript to be submitted to Soil Science in 1959. 
2"Precision" Universal Penetrometer Cat. No. 73510, pur­
chased from Precision Scientific Company, 3737 West Cortland 
Street, Chicago 47, Illinois. 
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in the penetration measurements reported in this study. The 
needle penetration measurements were taken in a slightly dif­
ferent manner in 1957 and 1958. In 1957 clods of approxi­
mately 6 cubic inches of field-moist soil were taken from the 
plow layer of soil, transported to the laboratory and the 
penetration measured with a 200 gram weight loaded on the 
needle. In 1958 samples of undisturbed soil were taken in 
small, thin-wall, cylindrical moisture cans of 83 cc. volume. 
The penetration measurements were made on these samples in 
the same manner as on the soil clods in 1957 except that dif­
ferent weights were loaded on the needle in 1958. The mois­
ture contents of the samples were determined for each set of 
measurements and the penetration of each sample of each treat­
ment was adjusted to the average moisture content (which 
varied only slightly for any given sampling) of the treatment 
to which the sample belonged. These adjustments were made 
for statistical purposes. The methods used were described by 
Ostle (1954), pages 153 and 154. 
Air permeability Air permeability versus time was 
measured for the surface 7 centimeters of soil after the addi­
tion of 2 inches of water, using an air permeameter described 
by G-rover (1955) and modified by Tanner and Wengel (1957). 
The thin-walled air permeability cans (Spra-tainer cans manu­
factured by the Crown Can Company, Philadelphia, Pennsylvania) 
of 7 centimeters inside diameter were driven into the soil to 
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a depth of ? centimeters. Thereafter 2 inches of water were 
introduced into the cans by pouring the water onto a small 
glass tube and letting the water run down the tube so that a 
minimum of disturbance to the soil was caused by the addition 
of the water. The air permeability was then measured with 
time. 
Percent oxygen content of soil air The percent oxygen 
content of the soil atmosphere was measured on soil atmosphere 
samples collected in the field. A portable Beckman oxygen 
analyzer1 was used to measure the oxygen concentration of the 
samples. The samples of the soil atmosphere were obtained by 
placing diffusion equilibrium probes in the soil and collect­
ing the samples in flasks of 50 cc. volume. Periodically, 
the flasks were transported to the laboratory where the 
samples were analyzed for oxygen percentage. The details of 
the procedure and apparatus are given by Runkles (1956). 
Maximum and minimum soil temperature The maximum and 
minimum soil temperature at the 4-inch depth was measured 
with glass-mercury thermometers. The thermometers, four per 
plot on each of the 48 plots, were read at 6:00 A.M. and 4:00 
P.M.; the minimum and maximum temperatures, respectively, were 
p 
assumed on the basis of earlier studies to occur at these 
lArnold 0. Beckman Co., 1020 Mission Street, South 
Pasadena, California. 
^Unpublished research data of W. 0. Willis and others 
at Iowa State College Agricultural Experiment Station, Ames, 
Iowa, 1954 and 1955. 
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times. The thermometers were randomly placed in each plot 
and were relocated after the minimum and maximum temperatures 
at a location were read. Soil temperatures were measured 
during the 1956 season only. 
Aggregate analysis A modified Yoder (1936) procedure 
was followed for aggregate analysis in 1956 and 1957. From 
these results the logarithmic geometric mean diameter was 
calculated as given by Gardner (1956). In 1958 aggregates, 
taken from the 1/2 to 1 l/2-inch and the 1 1/2 to 2 1/2-inch 
layer of soil, were both dry-sieved and wet-sieved as given 
by De Leenheer and De Boodt (1959). The change in the mean 
weight diameter (CMWD) was calculated for each sample by 
taking the difference In the dry and wet mean weight diam­
eters . The mean weight diameter is defined by Van Bavel 
(1959). 
Aeration porosity at one-third atmosphere Aeration 
porosity at one-third atmosphere pressure was determined on 
a limited number of undisturbed samples. The undisturbed 
samples, 3 inches in diameter and 1 Inch long, were taken 
from the 1/2 to 1 1/2 inch-depth and were transported from 
the field to the laboratory, placed on a porous ceramic plate 
in a pressure chamber as described by Nielsen (1958), satu­
rated with water, weighed, and subjected to one-third atmos­
phere pressure. After equilibrium was obtained the samples 
were again weighed, and the aeration porosity (percent air in 
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the sample at one-third atmosphere pressure) was calculated. 
Moisture content Moisture content was measured either 
gravimetrically or by the use of a portable neutron moisture 
meter as described by Stone, et al. (1955). Moisture content 
measurements were made to check the need of Irrigation water 
and to determine the difference, If any, In the moisture con­
tent existing In the profile of the various treatments. 
Laboratory Experiment 
Root elongation 
A corn root elongation experiment was conducted In the 
laboratory where the rate of growth of corn seedling roots 
was measured over a short period of time, approximately one 
week. The experiment was conducted in the following manner. 
Friable, loose, surface soil from the field experiment was 
brought into the laboratory, air dried, and sieved through a 
2-millimeter sieve. The soil was then sprayed with water 
from an atomizer until the moisture content was 28—30 percent 
by weight. For each individual experiment five aluminum 
cores 3 inches in diameter and 3 Inches long were filled 
with soil and compacted by hand to a pre-determined bulk 
density. This process was repeated until the core contained 
2 3/4 inches of soil; at this stage three corn seeds were 
placed into the core after which more soil was added and com­
pacted until the core was completely full. The cores were 
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compacted as uniformly as possible; however, some layers of 
soil in the cores could have been compacted slightly more or 
less than others. After compacting, the cores were placed in 
a pan of water, 2 3/4 inches deep, and allowed to stand over­
night. Each sore was then subjected to 100 cm. of water ten­
sion after being placed on a small fritted glass bead plate, 
of a type described by Nielsen and Phillips (1958), and then 
placed in a dark, constant temperature room where the temper­
ature was maintained at 25° C. The total length of the primary 
and secondary corn seedling roots in each core, one core at a 
given time, was then measured at various times during the 
following week. At the time when the roots were measured the 
soil was weighed, oven dried, and rewelghed in order to deter­
mine the moisture content and check the bulk density. The 
above procedure was followed for cores of various bulk dens­
ities ranging from 0.94 g. per cc. to 1.39 g. per cc. The 
rate of root elongation was calculated on the assumption of a 
linear growth-time relation for these short periods of time. 
Moisture retention at 100 centimeters of water tension 
was measured on the soil cores similar to those in which the 
corn seedlings were grown in order to determine porosity at 
this tension. Needle penetration measurements were also made 
on the samples. The needle penetrometer described previously 
was used-
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Rigidity of pore structure 
An experiment on rigidity of pore structure to root pene­
tration was conducted in order to see if corn seedlings be­
haved like the oat and rape seedlings in the experiment re­
ported by Wiersum (195?). Corn seeds were germinated and 
grown in glass tubes 20 centimeters long and of varying inside 
diameters (6, 9, 17, and 22 millimeters) containing sand par­
ticles ranging In size from 250 microns to 500 microns. The 
tubes of sand were watered periodically with nutrient solution 
and allowed to drain freely through the bottom of the tube so 
that aeration would not be limiting. One week after germina­
tion of the corn seeds, the lengths of penetration of the 
roots into the tubes were measured. The experiment was also 
conducted using Colo clay and Ida silt loam aggregates which 
had previously been sieved through a 0.5 millimeter sieve and 
retained on a 0.25 millimeter sieve. 
Penetration measurements using a No. 36 drill bit (2.7 
millimeters in diameter) In the needle penetrometer apparatus 
were made in the tubes of varying diameters. The penetration 
measurements were made where the tubes were filled with dry 
sand and with the drill bit not rotating and with its cutting 
end pointed downward. Penetration measurements were made in 
order to obtain an estimate of the rigidity of pore structure 
or of mechanical impedance in the tubes of the varying diam­
eters . 
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RESULTS 
Field Experiment 
Plant measurements 
Seedling emergence Table 2 shows the results of the 
seedling emergence study carried out in 1957. The results 
are reported for the compaction treatments only, since the 
Table 2 .  Emergence of corn seedlings for compaction 
experiment on Colo clay in 1957 
Compaction treatment Percent emergence6 
Normal 86.5 
Moderate 45.8 
Severe 44.4 
aEach value Is the average of eight plots with a pos­
sible 96 seedlings per plot. The germination percentage of 
the seeds used in the experiment was greater than 98 percent-
fertility treatments had no effect on emergence. As stated 
previously, the seedlings used in this emergence study were 
destroyed immediately after the completion of the emergence 
study; therefore, the difference in emergence is not reflected 
in other plant measurements. Since the severe compaction 
treatment is the moderate compaction treatment plus additional 
plow sole compaction, the difference of emergence between the 
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moderate and severe compaction treatment should be small, 
which is shown in Table 2. The reduction in emergence due to 
the compaction treatments is large enough to cause a reduc­
tion of (1 - 44.4/86.5) x 100 = 49 percent in yield, assum­
ing—which is not in general true—that two plants of corn 
per unit area of soil surface produce one-half as much corn 
as four plants per unit area. 
Plant height measurements Table 3 shows corn plant 
height measurements with leaves extended vertically for two 
or three dates during each of the growing seasons 1956, 1957, 
and 1958. In every case the corn plant heights increased 
Table 3. Corn plant heights* (cm.) for several dates during 
the growing seasons of 1956, 1957, and 1958 of 
compaction experiment on Colo clay 
Existing fertility Added fertility 
Normal Moderate Severe Normal Moderate Severe 
com- com- com- com- com- corn-
Year Date paction paction paction paction paction paction 
1956 June 18 90 67 61 97 77 74 
June 28 141 120 113 151 136 128 
1957 June 26 43 26 24 56 36 36 
July 9 99 60 55 119 86 82 
July 17 137 89 85 163 124 117 
1958 June 26 49 29 28 72 48 45 
July 8 87 49 46 122 82 76 
July 18 122 74 71 170 121 105 
aEach value reported in the table is an average of 80 
individual measurements, 10 plants per plot on eight plots 
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with increasing fertility and decreased with increasing com­
paction. A complete analysis of variance was not run on all 
the plant-height measurements, but was run on the plant-height 
measurements for July 18, 1958. The calculated F values due 
to compaction, fertility, and the compaction-fertility inter­
action are 134, 192, and 1.34, respectively. The tabular F 
values for compaction and fertility at the 0.005 level are 
6.2 and 9.0, respectively, meaning that differences in plant 
heights due to compaction and fertility are highly signifi­
cant. The compaction-fertility interaction is not signifi­
cant. The standard deviation of the individual plant height 
measurements (square root of the mean square for sampling 
error) is + 12.4 centimeters. Photographs of typical hills 
of corn are shown In Figure 1. 
Tassellng and silking dates Table 4 gives the aver­
age date on which 75 percent of the plants tasseled and silked 
for the seasons 1956, 1957, and 1958. The table shows that 
the plants of the existing fertility treatment tasseled and 
silked earlier under normal compaction than under moderate 
or severe compaction. Likewise, the plants of the added 
fertility treatment tasseled and silked earlier (except on 
the 1958 silking date, August 11) under normal compaction 
than under moderate or severe compaction. The table also 
shows that the plants on the added fertility treatments silked 
or tasseled at an earlier date than did the plants on the 
Figure 1. Photographe of typical hills of corn taken July 
30, 1958, on plots of the compaction experiment 
on Colo clay: (1) existing fertility-normal 
compaction, (2) existing fertility-moderate 
compaction, (3) existing fertility-severe 
compaction, (4) added fertility-normal compac­
tion. (5) added fertility-moderate compaction, 
and (6) added fertility-severe compaction 
36 
v ti.pl « 
Table 4. Average tasseling and silking dates of corn plants grown on Colo clay 
compaction experiment for the 1956, 1957, and 1958 growing seasons 
Tasseling Existing fertility Added fertility 
or silking Normal Moderate Severe Normal Moderate Severe 
Year data compaction compaction compaction compaction compaction compaction 
1956 Tasseling July 20 July 24 July 26 July 18 July 23 July 24 
Silking July 25 July 31 Aug. 1 July 24 July 28 July 29 
1957 Tasseling Aug. 8 Aug. 14 Aug. 14 Aug. 5 Aug. 9 Aug. 9 
Silking Aug. 14 Aug. 22 Aug. 26 Aug. 10 Aug. 14 Aug. 22 
1958 Tasseling 
Aug. 
— • 
Silking Aug. 12 Aug. 17 Aug. 19 11 Aug. 11 Aug. 11 
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corresponding existing fertility treatments. Thus, the table 
shows that the greater the compaction the longer the time to 
tasseling and. silking, while added fertility reduces the time. 
Total yield of N. P. and K in corn leaves Table 5 
shows the total yield (in grams) of N, P, and K per 20 corn 
Table 5. Total yield (grams) of N, P, and K per 20 corn 
leaves sampled at silking time in 1957 and 1958 
for compaction experiment on Colo clay 
Existing fertility Added fertility*3 
Normal Moderate Severe Normal Moderate Severe 
com- com- com- com- com- corn-
Year Element paction paction paction paction paction paction 
1957 N 1.81 1.58 1.57 2.39 1.91 1.86 
P 0.28 0.21 0.21 0.30 0.22 0.22 
K 1.28 1.03 1.00 1.42 1.14 1.12 
1958 N 1.77 1.65 1.26 3.21 2.60 2.34 
P 0.24 0.20 0.15 0.37 0.30 0.27 
K 1.51 1.10 0.87 2.13 1.73 1.59 
aEach value in the table is an average of eight plots, 
with duplicate samples per plot. 
bAdded fertility treatment in 1957 was 85, 80, and 20 
pounds per acre of N, P9O5, and KgO, respectively. Added 
fertility treatment In 1958 was 170, 80, and 20 pounds per 
acre of N, P2O5, and KgO, respectively. 
leaves sampled at silking time In 1957 and 1958. The total 
yield of N, P, and K per 20 leaves decreased with increasing 
compaction for both the 1957 and 1958 seasons. The added 
fertility treatment also increased the total yield of N, P, 
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and K at all compaction levels when compared with the existing 
fertility level. The total uptake of each of the three ele­
ments was equally efficient in predicting final corn grain 
yields; i.e., the ratios (not shown in the table—but see 
"Discussion") of the normal compaction-added fertility treat­
ment to the other treatments for each of the three elements 
were approximately the same value. 
Table 6 shows calculated F values for the compaction 
treatment, the fertility treatment, and the interaction of 
compaction and fertility from the analyses of variance for 
the data for which the means are shown in Table 5. Since for 
Table 6. Summary of the analyses of variance of the total 
yield of N, P, and K per 20 corn leaves sampled at 
silking time In 1957, and 1958 for compaction 
experiment on Colo clay 
Source 
of Calculated F 
Year variation d.f. N P K Tabular F 
1957 Comp.(C) 2 22.9 81.4 51.7 F(O.OOô) = 6.2 
Fert-a(F) 1 60.4 8.2 21.1 F(O.OOô) = 9.0 
C X F 2 3.0 0.1 0.1 F(0.10) = 2.5 
1958 Comp.(C) 2 21.5 42.5 47.2 F( 0.005) = 6.2 
Fert-a(F) 1 176.7 202.8 166.3 F(0.005) = 9.0 
C X F 2 3.0 0.8 0.4 F(0.10) = 2.5 
aIn 1957 the added fertility treatment was 85, 80, and 
20 pounds per acre of N, PgOs, and KgO, respectively; in 1958 
the added fertility treatment was 170, 80, and 20 pounds per 
acre of N, PgOg, and KgO, respectively. The other fertility 
treatment was the existing fertility level in both 1957 and 
1958. 
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compaction and fertility, the calculated F values are higher 
than the tabular F values, the differences in total yield of 
the treatments are highly significant due to both compaction 
and fertility. The interaction of compaction and fertility 
was not significant for phosphorus and potassium; the compac­
tion-fertility interaction was significant at the 0.10 level 
for nitrogen in both 1957 and 1958. The total yield per 20 
leaves of each of the three elements, N, P, and K for each 
plot is given in Appendix A. 
Root study Table 7 gives a comparison of corn root 
weights and yields of corn as found in the corn root study of 
Table 7. Comparison of oven-dry weighta of corn roots and 
corn yields for the compaction experiment on Colo 
clay in 1958 
Treatment 
Oven-dry weight 
of roots6 (grams) 
Corn yield*) 
(bu. per acre) 
Existing fertility 
Normal compaction 68.1 60 
Moderate compaction 35.8 38 
Severe compaction 29.0 28 
Added fertility 
Normal compaction 117.1 113 
Moderate compaction 85.7 84 
Severe compaction 75.1 67 
aA volume of 2 cubic feet of soil was sampled directly 
under a hill of four corn plants. The block of soil was 2 
feet deep, 2 feet wide and 6 inches long. Each root weight 
reported in the table is an average of two samples. 
bEach yield value is the average of eight plots. 
40 a 
1958. (A large percentage of the roots was found In the sur­
face 4 Inches of soil.) The table shows that the corn yields 
increased as the weight of roots increased; root weights in­
creased as compaction decreased and as fertility level in­
creased. 
Figure 2 is a plot of data in Table 7 and is shown to 
emphasize the relationship of the average root weights to 
average yields. Each point represents an average of two root-
weight samples and the average yield of eight plots. The cal­
culated correlation coefficient, 0.993, is extremely high and 
is highly significant. A "t11 value was calculated from the 
correlation coefficient as given by Snedecor (1956), page 173. 
The t calculated from the correlation coefficient r is 16.78 
while the tabular t (0.001) is 8.61. Thus, yields are cor­
related with root weights at a level much less than 0.001. 
Corn yields Table 8 shows the corn yield of each 
plot of each treatment for 1956, 1957, and 1958. In 1956 
the yields of the normal and moderate compaction treatments 
were approximately the same; however, the yields of the severe 
compaction, existing fertility and severe compaction, added 
fertility treatments were lower by 14 and 7 bushels per acre, 
respectively, than the normal compaction, existing fertility 
and normal compaction, added fertility treatments. The lack 
of differences in the compaction treatments in 1956 is be­
lieved to be due to the cultivations which the experiment 
Figure 2. Yield of corn versus oven-dry weight of roots 
in blocks of Colo clay soil 24 inches wide, 
6 Inches long, and 24 inches deep (2 cubic feet) 
41 
120 
Y =0.54 + 0.94 W, 
r= 0.993 SIG. AT LEVEL 
LESS THAN 0.001 
LEVEL 
o 100 
CL 
_q 80 
40 
> 20 
125 100 75 50 25 
OVEN DRY WEIGHT OF CORN 
ROOTS (grams in 2ft.3 of soil ) 
42 
Table 8. Corn yield (bu- per acre) of each plot of each 
treatment from compaction experiment on Colo clay 
for 1956, 1957, and 1958 
Existing fertility Added fertility* 
Normal Moderate Severe Normal Moderate Severe 
com- com- com­ com­ com- com­
Year Block paction paction paction paction paction paction 
1956 1 97 91 77 117 107 108 
2 96 101 80 116 109 104 
3 105 110 81 117 117 108 
4 104 91 88 113 108 111 
5 103 103 86 104 113 103 
6 100 102 86 113 108 105 
7 79 84 88 106 110 104 
8 90 89 82 108 94 101 
Mean 97 96 83 112 108 105 
1957 1 96 66 65 103 71 88 
2 84 72 68 98 95 82 
3 88 68 66 100 95 89 
4 78 73 67 97 90 97 
5 90 69 69 102 82 89 
6 89 64 65 98 97 74 
7 101 70 66 103 100 96 
8 81 60 59 113 96 81 
Mean 88 68 66 102 91 87 
1958 1 69 26 29 117 97 60 
2 69 48 39 104 68 71 
3 62 39 27 119 85 91 
4 70 43 33 112 84 84 
5 59 46 36 112 68 67 
6 39 43 30 112 97 38 
7 76 29 15 110 90 77 
8 38 29 17 119 85 50 
Mean 60 38 28 113 84 67 
aIn 1956 and 1957 the added fertility treatment was 85, 
80, and 20 pounds per acre of N, PgOs, and KgO, respectively. 
In 1958 the added fertility treatment was 170, 80, and 20 
pounds per acre of N, PgOs, and KgO, respectively. 
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received in 1956 but did not receive in 1957 and 1958. In 
both 1957 and 1958 compaction materially reduced yields at 
both the existing and added fertility levels. The 1956 re­
sults attest the value of cultivation in breaking up compacted 
layers above the plow sole. 
The effect, without the addition of fertilizer, of 3 
years of corn culture on yields can be observed by comparing 
(column three of Table 8) the average yield of the existing 
fertility-normal compaction treatment of 1958 with that of 
1956 and 1957. Yields dropped from 97 to 60 bushels. A 
direct comparison of the influence of 3 years of corn culture 
on the third year's yield can not be made for the treatment 
having added fertility and normal compaction (column six of 
Table 8), since the amount of added nitrogen was doubled in 
1958; however, a direct comparison of the influence of 2 years 
of corn culture on the second year's yield can be made for the 
years 1956 and 1957 - the average yield dropped from 112 to 
102 bushels per acre. 
From the results of Table 8, it can be seen that the 
severe and moderate compaction treatments, compared to the 
normal compaction treatment at both levels of fertility, re­
duced yields more in 1958 than In 1957 or 1956, probably be­
cause the severe and moderate compaction treatments became 
more drastic with each succeeding year as a consequence of 
cumulative carry-over of compaction from year to year in addl-
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tion to the new compaction applied. 
Table 9 shows a summary of the analyses of variance of 
the yield data shown in Table 8. The increasing F values due 
to compaction in Table 9 also show that compaction was becom­
ing more limiting to corn yields with each succeeding year. 
It is interesting to note that the F values due to fertility 
level were almost the same In 1956 (104.9) and 1957 (97.5) 
but the F value due to fertility was almost doubled in 1958 
Table 9. Summary of analyses of variance for 1956, 1957, 
and 1958 yield data of compaction experiment6 
on Colo clay 
Source of Degrees of Calculated Tabular 
Year variation freedom F value F value 
1956b Compaction (C) 2 14.6 F(O.OOô) = 6.2 
Fertility (F) 1 104.9 F( 0.005) = 9.0 
C X F 2 3.6 F(0.05) = 3.2 
1957^ Compaction (C) 2 36.4 F(O.OOô) = 6.2 
Fertility (F) 1 97.5 F(O.OOô) = 9.0 
C X F 2 2.3 F(0.10) = 2.5 
1958c Compaction (C) 2 47.0 F(0.005) = 6.2 
Fertility (F) 1 191.2 F(O.OOô) = 9.0 
C X F 2 1.4 F(0.25) = 1.4 
6The compaction treatments were the same for all 3 years 
and were applied to the same plots each of the 3 years. 
^Fertility treatments In 1956 and 1957 were existing 
fertility and added fertility of 85, 80, and 20 pounds per 
acre of N, PgOg, and KgO, respectively. 
^Fertility treatments in 1958 were existing fertility 
and added fertility of 170, 80, and 20 pounds per acre of N, 
PgOg, and KgO, respectively. 
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(191.2) as compared to 1956 (104.9) or 1957 (97.5). This la 
probably due to doubling the nitrogen application on the added 
fertility plots in 1958. 
Physical measurements 
Texture and organic matter The percent sand, silt, 
and clay in the surface 6 inches were found to be 26, 32, and 
42, respectively, which means that the soil is in the textural 
class, "clay". These values are an average of 96 duplicate 
samples, two samples from each plot. Host soils in the Colo 
series are classified as silty clay loams. 
According to McCraoken (1956), page 77, the Colo soils 
have approximately 2.9 percent organic carbon in the surface 
8 inches. The organic matter content is therefore, according 
to convention, 1.7 x 2.9 =4.9 percent. 
Plot elevations Table 10 shows the average elevation 
of the surface of the compaction treatments for 1956 and 1957, 
taking as reference level the average elevation of the plots 
of the normal compaction treatment as found in 1956. The 
average elevation of each plot was measured in 1956 before 
the experimental area was plowed. In 1956 and 1957 the eleva­
tions were measured a few days after compacting and planting 
the experiment. In 1956 the soil surface of the severe com­
paction treatment was lowered 0.58 inches due to compaction. 
In 1957 the surface of the severe compaction treatment was 
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Table 10. Elevation in inohesa due to compaction treatments 
and 1 year of cultivation on Colo clay soil, 
where the elevation of the surface of the normal 
compaction treatment in 1956 is taken as the zero 
reference level 
Year 
Compaction treatment 1956 1957 
Normal 0.00 +0.-35 
Moderate -0.24 -0.40 
Severe -0 « 58 —0*5? 
aEach value reported is the average of 240 readings, 
16 plots with 15 readings per plot. 
lowered 0.35 + 0.37 = 0.72 inches due to compaction. 
Bulk density Table 11 shows the variation of bulk 
density measurements with depth for the seasons of 1956, 1957, 
and 1958. The existing and added fertility treatments are 
combined since the level of fertility did not affect the bulk 
density values. In 1956 the bulk density determinations were 
made after the experiment had been two-way cultivated on two 
different dates. (The experiment was cultivated in order to 
control weeds; in 1957 and 1958 the experiment was not culti­
vated, weeds were controlled with a hoe.) The difference in 
bulk density between the compaction treatments was smaller 
in 1956 than in 1957 and 1958 due to the cultivations in 1956. 
The bulk density of the individual plots for each year may be 
found in Appendix B. 
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Table 11. Bulk density (g. per oc.) versus depth for 
normal, moderate, and severe compaction 
treatments of compaction experiment on Colo clay 
Depth Compaction treatment 
Year (Inches) Normal Moderate Severe 
1956* 0-3 1.10 1.17 1.17 
3-6 1.36 1.38 1.41 
6-9 1.36 1.36 1.38 
9-12 1.35 1.36 1.36 
1957a 0-3 1.11 1.33 1.34 
3-6 1.34 1.46 1.47 
6-9 1.37 1.39 1.41 
9-12 1.33 1.34 1.35 
1958b 0-3 1.19 1.32 1.29 
3-6 1.31 1.44 1.42 
6-9 1.34 1.37 1.41 
9-12 1.33 1.34 1.36 
8-Each bulk density value an average of 64 determinations, 
four per plot from 16 plots. 
^Each bulk density value is an average of 24 determina­
tions, three per plot from eight plots. 
Statistical analysis shows that the differences in bulk 
density between treatments in Table 11 are highly significant. 
For the 1957 data the calculated F values from an analysis 
of variance for the 0-3, 3-6, 6-9, and 9-12 inch depths are 
100.8, 69.2, 5.9, and 1.5, respectively. The tabular F 
(0.005) value is 5.54 and the tabular F (0.01) is 4.76. The 
standard deviation of the Individual determinations, that is, 
the square root of the mean square for sampling error, is, 
combined over the four depths, + 0.055 for the 1957 data. 
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For the 1958 data the calculated F values for the 0-3, 3-6, 
6-9, and 9-12 Inch depths are 12.06, 13.49, 4.35, and 5.4, 
respectively. The tabular F (0.005) value Is 6.89 and the 
tabular F (0.01) value Is 5.78. The standard deviation of 
individual determinations is, combined over the four depths, 
±. 0.060. 
Table 12 shows the comparison of the bulk density ob­
tained in 1958 of the approximate plow layer determined by 
radiation equipment and cores. The radiation equipment con­
sisted of a surface-density probe and a surface-moisture probe 
purchased from Nuclear-Chicago Corporation."*" The bulk den­
sities as determined by radiation are for the approximate plow-
layer depth. The surface-density probe measures the wet den­
sity of a hemispherical volume of radius 3 to 8 Inches depend­
ing upon the density of the material. The surface-moisture 
probe measures the water content (percent by volume) of a 
hemispherical volume of radius 5 to 15 inches depending upon 
the moisture content. The difference of the wet density and 
the moisture content expressed as moisture density In g. per 
co. is the (dry) bulk density. The undisturbed soil cores were 
taken from the same location on which the radiation measure­
ments were taken. The comparison of the bulk densities as 
determined by the two methods is shown in order to illustrate 
^Nuclear-Chicago Corporation, 223 West Erie Street, 
Chicago 10, Illinois. 
Table 12. Comparison of bulk densities (g. per cc.) for the approximate plow-
layer depth as determined by undisturbed-soil-core and radiation 
methods for compaction experiment on Colo clay in 1958 
Block 
Normal 
compaction 
Core Rad. 
Existing fertility 
Moderate 
compaction 
Core Rad. 
Severe 
compaction 
Core Rad. 
Normal 
compaction 
Core Rad. 
Added fertility 
Moderate 
compaction 
Core Rad. 
Severe 
compaction 
Core Rad. 
1 1.22 1.33 1.42 1.37 1.33 1.45 1.24 1.24 1.34 1.40 1.33 1.29 
2 M 1.20 —— 1.42 — — 1.35 •* — 1.13 — — 1.29 • • i — 1.27 
3 1.24 1.25 1.39 1.47 1.40 1.43 1.27 1.24 1.37 1.38 1.33 1.39 
4 — — 1.20 1.30 — — 1.37 — — 1.25 — — 1.32 — 1.36 
5 1.20 1.21 1.39 1.32 1.38 1.36 1.27 1.18 1.35 1.26 1.34 1.34 
6 — * 1.26 — — 1.34 • — 1.34 — — 1.22 — — 1.33 — — 1.33 
7 1.31 1.28 1.34 1.31 1.37 1.34 1.24 1.22 1.43 1.38 1.38 1.38 
8 —— 1.28 — 1.39 — — 1.38 1.26 — — 1.33 — — 1.36 
Mean 1.24 1.25 1.38 1.37 1.37 1.38 1.26 1.22 1.37 1.34 1.35 1.34 
Std 
dev .b 0.048 0.046 0.034 0.059 0.029 0.041 0.017 0.043 0.040 0.048 0.025 0.042 
aEach bulk density value reported in the table is an average of three deter­
minations . 
^The standard deviation of individual measurements combined over all treatments 
(square root of the mean square for sampling error) for cores is + 0.054 g. per cc. 
and for radiation is + 0.061 g. per cc. The LSD (0.01) for cores is 0.07 g. per cc. 
and for radiation is 0.05 g. per cc. 
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the reliability and precision of the radiation method of 
determining bulk density. The bulk densities for the fertil­
ity treatments are also shown in Table 12 to illustrate the 
small differences in bulk density existing between the fertil­
ity treatments. 
Figure 3 shows the relation of yield (Table 8) of corn 
in 1957 and the bulk density (Appendix B) in 1957 of the 0-3 
inch depth as determined by the undisturbed-soil-core method. 
The correlation of yield and bulk density of the existing fer­
tility plots is significant at a probability level much less 
than 0.001. The calculated "t" in absolute value from the 
correlation coefficient of the existing fertility plots is 
6.04 and the tabular t (0.001) value is 3.79, showing that the 
significance level is much less than 0.001. The correlation 
of yield and bulk density of the added fertility plots is sig­
nificant at the 0.005 probability level. 
Figure 4 shows the relations of yield of corn and bulk 
density as determined by the undisturbed-soil-core and radia­
tion methods in 1958. There are only half as many points for 
cores as for radiation since only half the plots were sampled 
by cores In 1958. The slopes of the regression lines for the 
radiation method were less than the slopes of the regression 
lines for the core method; also the slopes of the regression 
lines were nearly equal for the existing fertility plots and 
the added fertility plots. The correlation of yield and bulk 
Figure 3. Yield of corn on Colo clay in 1957 versus bulk 
density as determined, for the surface 0-3 inches, 
by core samples: (A) existing fertility, and 
(B) added fertility of 85, 80, and 20 pounds 
per acre of N, PgOg, and KgO, respectively 
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density is satisfactory where bulk density Is determined by 
either method. The correlation coefficients by the radiation 
method were significant at the 0.001 level for existing 
fertility plots and the 0.02 level for added fertility plots. 
The correlation coefficients by the core method were signifi­
cant at the 0.02 level for both the existing and added fer­
tility plots. 
The correlation of yield and bulk density was not sig­
nificant in 1956. This is thought to be a result of the 
cultivations of the experiment in 1956: 
Needle penetration Table 13 shows the results of the 
needle penetration data for each of the compaction treatments 
in 1957 and 1958. The fertility treatments do not appear 
since fertility level had little or no effect on this measure­
ment. As shown in Table 13, the calculated F values (from an 
analysis of variance run on the mean depth of penetration for 
each plot) due to compaction was highly significant. The 
values in Table 13 should be compared only in a vertical direc­
tion (same date) since the needle was not loaded with the same 
weights on the different dates. The penetrometer readings of 
the individual plots can be found in Appendix C. 
Table 14 shows the correlation coefficients (r1 s) of corn 
yields and needle penetration and the level of significance 
for the penetration data collected in 1957 and 1958. Correla-
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Table 13. Needle penetration8, (1/10 mm. units) for normal, 
moderate, and severe compaction treatments in 
1957 and 1958 on Colo clay, and the calculated 
F value due to compaction from an analysis of 
variance of the mean depth of penetration for 
each plot (not shown) 
Compaction 
treatment 
Year and date 
Sept. 1957b June 1958° July 1958d 
Normal 84 61 40 
Moderate 49 33 24 
Severe 46 33 26 
Calculated F value 
due to compaction -
F( 0.005) = 6.21 108 63 132 
^Measurements were made when the point of the needle was 
flush with surface of the soil sample before releasing the 
needle. 
were taken with a 200 gram weight on the 
for Sept. 1957 is the average of 240 meas 
with 15 measurements per plot. 
were taken with a 100 gram weight on the 
for June 1958 Is the average of 264 meas-
wlth 18 measurements per plot. 
^Measurements 
needle ; each value 
urements, 16 plots 
cMeasurements 
needle; each value 
urements, 16 plots 
^Measurements 
needle; each value 
urements, 16 plots 
were taken with a 50 
for July 1958 is the 
with 18 measurements 
gram weight on the 
average of 264 meas-
per plot. 
tions were run at both the existing and added fertility 
treatments since fertility level definitely Influenced the 
yield at a given penetration. It is noted that there was a 
high correlation of yield and needle penetration for both the 
fertility levels. 
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Table 14. Correlation coefficients (rl s) of corn yield and 
needle penetration and level of significance of 
r's for compaction experiment on Colo clay 
Sept . 1957 June 1958 July 1958 
Fertility Slg. Sig. sig. 
treatment r level r level r level 
Existing 0.736 <0.001 0.651 0.001 0.588 <0.005 
Added 0.609 <0.005 0.699 <0.001 0.716 <0.001 
Figure 5-shows a plot of the 1957 yield data (Table 8) 
versus the 1957 needle penetration data (Appendix C) at both 
the existing and added fertility levels. The correlation 
coefficient r at the added fertility level was significant at 
a level less than the 0.005 level and accounted for about 36 
percent of the variation in yield. The correlation coeffi­
cient r at the existing fertility level was significant at the 
0.001 level and accounted for about 50 percent of the variation 
in yield. Corresponding plots of the 1958 data would yield 
similar graphs. 
Needle penetrometer measurements were not made in the 
1956 season. 
Air permeability Figure 6 shows the variation of the 
air permeability with time for the surface 7 centimeters of 
soil after the addition of 2 Inches of water. It is noted 
that there is a large difference of air permeability between 
Figure 5. Yield of corn In 1957 versus needle penetration 
for Colo clay at existing and added fertility 
levels; data points stem from plots having 
normal, moderate, and severe compaction 
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the compacted and non-compacted treatments. This Indicates 
that the surface 7 centimeters of soil on the compacted treat­
ments drains much more slowly than does the surface 7 centi­
meters of soil on the non-compacted treatment. The air perme­
ability data of Figure 6 and the range of air permeabilities 
for each point shown in Figure 6 appear in Appendix D. The 
air permeability of the normal compaction treatment was less 
in 1958 than in 1957. This can be explained by the presence 
of a slightly more dense surface soil in 1958 than in 1957 
which was due to an accidental passage of a culti-packer, 
immediately before compacting and planting, over the entire 
experiment in 1958 but not in 1957. 
When the 1957 air permeability data were taken, it was 
thought that the air permeability of the 7-14 and 14-21 centi­
meter depths should be measured. This was done by digging 
gmall holes In the soil down to 7 and 14 centimeters, insert­
ing the air permeability cans, and measuring the air perme­
ability. The air permeability was sensibly zero at both of 
these depths for all three compaction treatments, normal, 
moderate, and severe. No water was added to the cans and the 
water content of the soil at the time of measurement was 
approximately half way between wilting point and field capac­
ity. 
Percent oxygen content of soil air Table 15 shows the 
percent oxygen content of the soil air of the compaction 
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Table 15. Percent oxygen content* of the soil air on seven 
dates in 1956 at the 2 and 3-foot depths for 
compaction experiment on Colo clay 
2-foot depth 5-foot depth 
Date 
Normal 
com­
paction 
Moderate 
com­
paction 
I 
Severe 
com­
paction 
Normal Moderate 
com- com­
paction paction 
Severe 
com­
paction 
July 31 12.7 12.4 11.8 11.5 12.2 11.4 
Aug. 7 14.9 13.7 13.6 11.2 13.0 12.5 
Aug. 14 11.6 10.6 10.7 10.5 11.0 10.6 
Aug. 24 9.4 10.4 10.2 10.4 10.8 9.9 
Sept. 8 14.2 14.5 14.5 13.6 13.1 14.0 
Sept. 17 13.8 13.6 13.6 13.5 14.1 12.6 
Oct. 19 16.9 17.6 18.0 17.3 17.5 16.9 
Mean 13.4 13.3 13.2 12.6 13.1 12.6 
aEach value reported is the average of eight readings, 
two per plot for four plots. The standard deviation (square 
root of the mean square for sampling error) of the percent 
oxygen content measurements is ± 2.1 percent. 
treatments at the 2 and 3-foot depths for seven dates in 1956. 
The oxygen content was never less than 9.4 percent even though 
the experiment was irrigated frequently during June, July, and 
August of 1956. Percent oxygen contents of 10 percent are for 
most plant species adequate for normal plant growth (Russell 
1952, pages 265-273). A statistical analysis of the data 
shows that there was no difference in percent oxygen content 
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of the soil air between treatments or between the 2 and 3-
foot depths. The standard deviation (square root of the mean 
square for sampling error) of the individual percent oxygen 
content measurements Is + 2.1 percent. 
Table 16 shows the percent oxygen content of the soil 
air at the 9-inch and 2-foot depths for seven dates In 1957. 
In 1957 the depths of measurement were changed to the 9-inch 
Table 16. Percent oxygen content* of the soil air on seven 
dates in 1957 at the 9-inch and 2-foot depths for 
compaction experiment on Colo clay 
9-lnch depth 2-foot depth 
Normal Moderate Severe Normal Moderate Severe 
com- com- com- com- com- corn-
Date paction paction paction paction paction paction 
July 18 14.0 14.6 14.7 14.0 13.0 11.0 
July 25 15.3 14.8 13.2 12.9 13.4 10.3 
July 30 11.4 11.2 10.9 11.4 12.3 11.3 
Aug. 6 12.4 13.1 12.0 14.4 15.0 14.4 
Aug. 15 14.6 13.7 15.1 12.1 12.4 11.8 
Aug. 26 18.4 16.6 17.6 15.4 14.0 15.7 
Sept. 5 16.4 14.7 15.8 11.4 12.3 12.8 
Mean 14.6 14.1 14.2 13.1 13.2 12.5 
aEach value reported is the average of eight readings, 
two per plot for four plots. The standard deviation (square 
root of the mean square for sampling error) of the percent 
oxygen content measurements is approximately + 2.0 percent. 
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depth and 2-foot depth since the oxygen content at the 3-foot 
depth was found to be adequate for all treatments in 1956. 
It was believed that a difference in oxygen content between 
treatments could possibly exist at the 9-inch depth which is 
at a depth where there are many actively growing roots. The 
values reported in Table 16 are combined over the fertility 
treatments since fertility level had no effect on the percent 
oxygen in the soil air. Again in 1957, as Table 16 shows, the 
percent oxygen content of the soil air was never less than 
about 10. The oxygen content of the 2-foot depth was approxi­
mately the same for both 1956 and 1957. In 1957 as In 1956 
there was no difference In the percent oxygen content of the 
soil air between treatments. The relatively large oxygen 
percentages of 10 and above are compatible with the relatively 
large aeration porosities of 10 percent and above which will 
be reported below under "Aeration porosity at one-third atmos­
phere ". 
Maximum and minimum soil temperature Table 17 shows 
the soil temperature at the 4-inch depth for 11 dates during 
the months of June and July of 1956. The temperature data 
have been combined over fertility treatments since fertility 
had no effect on maximum and minimum soil temperature at the 
4-inch depth. There was little difference in the maximum and 
minimum temperatures between the treatments. A complete 
statistical analysis was not run on the data; however, it was 
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Table 17. Maximum and minimum soil temperaturesa ( F.) 
at the 4-inch depth for 11 dates during the 
growing season in 1956 for compaction experiment 
on Colo clay 
Maximum temperature Minimum temperature 
Date 
Normal Moderate 
com- com­
paction paction 
Severe 
com­
paction 
Normal 
com­
paction 
Moderate 
com­
paction 
Severe 
com­
paction 
June 11 87.6 87.8 88.4 71.7 72.3 72.0 
June 14 88.0 89.4 89.4 76.2 77.0 77.0 
June 18 87.4 88.5 87.2 74.2 74.6 74.4 
June 21 85.6 87.7 87.3 77.6 78.4 78.2 
June 25 88.0 90.8 90.2 76.9 77.7 77.7 
June 28 87.8 88.8 88.8 71.0 71.9 72.1 
July 4 71.5 72.9 73.0 68.8 69.6 69.6 
July 5 82.1 85.1 84.6 66.4 67.0 67.1 
July 9 76.6 78.6 78.6 66.0 66.4 66.6 
July 12 75.9 76.8 77.0 68.6 69.0 69.4 
July 16 85.0 86.8 86.5 75.2 65.7 76.0 
Mean 83.2 84.8 84.6 72.1 71.8 72.7 
aEach value reported in the table is a mean of 64 read­
ings, four per plot for 16 plots. 
observed (not shown in the table) that there was more varia­
tion between readings in a plot than there was between treat­
ments . 
Aggregation The log-geometric-mean diameters for 
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aggregates samples on three dates in 1956 for the normal, 
moderate, and severe compaction treatments were 0.23, 0.25, 
and 0.27 millimeters, respectively. Differences between 
these values are not statistically significant. In 1957 there 
was a significant difference in the log-geometric-mean diam­
eters between treatments. The log-geometric-mean diameters 
averaged over two dates for the normal, moderate, and severe 
compaction treatments were 0.26, 0.45, and 0.45 millimeters, 
respectively. The log-geometric-mean diameter of aggregates 
of the moderate and severe compaction treatments were larger 
than those of the normal compaction treatment probably due to 
compaction, i.e., compaction of the soil pushed the soil 
aggregates closer together, thereby making them more water 
stable. In 1956 lack of differences in log-geometrlc-mean 
diameters may be attributed to the fact that aggregate samples 
were taken after the experiment was row cultivated. In 1957 
there were no row cultivations. Table 18 (columns 5, 8, and 
11) shows the aggregation index CMWD ( change in mean weight 
diameter which is the difference of the dry mean weight diam­
eter and the wet mean weight diameter) for the l/B- to 1 1/2-
inch and the 1 1/2- to 2 1/2-lnoh layers of soil for 1958. 
In the table, it is seen that the mean values of the CMWD 
for the 1/2- to 1 1/2-inch depth for the normal, moderate, and 
severe compaction treatments were 1.87, 1.85, and 1.97 milli­
meters, respectively; those for the 1 1/2- to 2 1/2-inch depth 
Table 18. Dry mean weight diameter,a wet mean weight diameter,a and change in 
mean weight diameter6 (CMWD) of added fertility treatment in 1958 
for compaction experiment on Colo clay 
Normal compaction Moderate compaction Severe compaction 
Dry Wet Dry Wet Dry Wet 
Depth Block MWD MWD CMWD MWD MWD CMWD MWD MWD CMWD 
(in.) no. (mm.) (mm.) (mm. ) (mm.) (mm. ) (mm.) ( mm. ) (mm.) (mm.) 
1/2 1 4.45 2.38 2.07 4.22 2.72 1.50 4.24 2.32 1.92 
to 2 4.25 2.16 2.09 4.07 1.88 2.19 4.40 2.62 1.78 
1 1/2 3 4.50 2.66 1.74 4.52 2.75 1.77 4.50 2.88 1.62 
4 4.54 2.41 2.13 4.32 2.65 1.67 4.44 2.32 2.12 
5 4.69 3.09 1.60 3.94 2.30 1.64 4.45 2.48 1.97 
6 4.20 2.16 2.04 4.22 2.09 2.13 4.20 2.18 2.02 
7 4.24 2.76 1.48 4.66 2.72 1.94 4.14 2.05 2.09 
8 4.50 2.76 1.74 4.43 2.52 2.01 4.70 2.32 2.38 
Mean 4.42 2.55 1.87 4.30 2.45 1.85 4.37 2.40 1.97 
1 1/2 1 4.36 2.80 1.56 4.55 2.61 1.94 4.43 2.78 1.65 
to 2 4.34 2.15 2.19 4.64 2.62 2.02 4.40 3.12 1.28 
2 1/2 3 4.18 3.08 1.10 4.28 2.87 1.41 4.59 2.58 2.01 
4 4.30 2.25 2.05 4.51 3.05 1.46 4.39 3.03 1.36 
5 4.14 2.70 1.44 4.66 2.65 2.01 4.60 2,72 1.88 
6 4.10 2.47 1.63 4.36 2.83 1.53 3.97 2.62 1.35 
7 4.28 3.09 1.19 4.14 2.87 1.27 4.24 2.93 1.31 
8 4.75 2.30 2.45 4.52 2.93 1.59 4.54 2.70 1.84 
Mean 4.30 2-60 1.70 4.46 2.80 1.66 4.40 2.81 1.59 
aEach value is the mean of duplicate samples. 
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were 1.70, 1.66, and 1.59 millimeters, respectively. Thus, 
the GMWD changed little from treatment to treatment whether 
at the 1/2 to 1 1/2-inch or 1 1/2 to 2 1/2-inch depths. Table 
18 also shows the dry MWD (mean weight diameter when aggre­
gates were dry sieved) and the wet MWD (mean weight diameter 
when aggregates were wet sieved)• Both of these values for 
the 1 1/2 to 2 1/2-inch depth (but not the 1/2 to 1 1/2-Inch 
depth) were slightly larger for the moderate and severe com­
paction treatment than for the normal compaction treatment. 
But the variation between replicates was greater than the 
variation between treatments and therefore the latter two 
indices, as well as the CMWD, do not yield significant dif­
ferences between compaction and no compaction. 
Aeration porosity at one-third atmosphere Aeration 
porosity (percent pore space) at one-third atmosphere of un­
disturbed samples taken from the 1/2 to 1 1/2-inch layer was 
determined on triplicate samples in 1958 from four treatments 
of each compaction treatment. The mean aeration porosities 
(individual values will not be given) of the normal, moderate, 
and severe compaction treatments were 24.3, 12.4, and 10.3 
percent, respectively. Aeration porosity measurements give 
an indication of the relative air and water permeability of 
the soil as well as an indication of the aeration status of 
the soil. An aeration porosity of 10 percent is usually con­
sidered as being adequate for normal plant growth; the aera­
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tion porosity of the moderate and severe compaction treatments 
are higher than the minimum 10 percent required for normal 
growth of most plants (Baver 1956, pages 203 and 204). 
Moisture content Moisture contents of the various 
treatments were determined at various intervals throughout 
the growing seasons of 1956, 1957, and 1958. At all samplings 
the moisture contents were not statistically different be­
tween the treatments; usually, the average moisture contents 
of the treatments differed by less than two percent while 
the moisture contents of plots within a treatment differed 
by as much as three percent or more. Some of the moisture 
contents are tabulated in Table 19. They are the average 
moisture contents of the surface 12 inches of soil for each 
treatment for one sampling of moisture in August 1957. 
Samplings for other dates, although the moisture levels were 
either higher or lower than those shown in Table 19, showed 
the same type of differences (not significant) as reported in 
Table 19. The moisture contents reported in Table 19 were 
obtained simultaneously with bulk density determinations 
reported in Table 11. As can be noted in Table 19, the mois­
ture content of the normal compaction treatments were 
slightly larger than the moisture content of the compacted 
treatments; however, an analysis of variance of the data 
shows that the mean square for the six treatments is 0.45 
while the mean square for sampling error is 2.82, therefore 
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Table 19. Average moisture content (percent on oven-dry 
weight basis) of the surface foot of soli In 
August, 1957 for compaction experiment on 
Colo clayb 
Existing fertility Added fertility 
Block 
Normal Moderate 
com- com­
paction paction 
Severe 
com­
paction 
Normal Moderate 
com- com­
paction paction 
Severe 
com­
paction 
1 23.7 24.7 22-9 26.1 26.1 24.5 
2 27.7 28.0 27.9 28.6 27.0 26.7 
3 26.4 24.4 24.8 26.7 22.8 24.3 
4 26.9 27.5 27.4 27.3 27.0 25.4 
5 26.7 24.9 23.4 25.7 25.2 24.6 
6 27.0 25.3 25.4 26.7 25.8 25.2 
7 26.1 25.2 24.7 26.6 25.4 24.2 
8 27.6 26.0 26.2 26.8 25.3 26.0 
Mean 26.5 25.8 25.3 26.8 25.6 25.1 
aEach value represents the average of the moisture 
content of four samples. 
bThe wilting point of the surface 12 inches of this 
soil is IS percent and the field capacity is approximately 
32 percent. 
there is no statistical difference In the moisture content 
between treatments. 
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Laboratory Experiment 
Root elongation 
Table 20 shows rates of root elongation and aeration 
porosities at various bulk densities of Colo clay and Ida 
silt loam soils. Rates of corn seedling root elongation were 
determined for short periods of time (approximately 1 week) 
in artificially compacted Colo clay and Ida silt loam when 
subjected to 100 centimeters of water tension. The rates 
of root elongation decreased as did also aeration porosity 
when bulk density increased. 
Figure 7 shows the total length of primary and secondary 
corn seedling roots as a linear function of time grown in 
artificially compacted Colo clay of bulk densities 0.94, 1.10, 
and 1.30 g. per cc. The slope of each of the lines is the 
rate of root elongation in centimeters per hour. The rates 
of root elongation Just seen in Table 20 were taken from re­
gressions like those in Figure 7. It is observed in Figure 7 
that the slope of the lines decreases as bulk density in­
creases. 
Figure 8 is the same as Figure 7 except the soil is Ida 
silt loam Instead of Colo clay. The trend is the same In 
both graphs, i.e., the slope of the lines decreases as bulk 
density increases. 
Figure 9 shows the relationship of needle penetration 
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Table 20. Hates of corn seedling root elongation8- and 
aeration porosities*3 at various bulk densities 
for Colo clay and Ida silt loam 
Soil 
Bulk 
density 
Rate of root 
elongation 
(cm. per hour) 
Aeration porosity 
(percent of total 
volume of soil sample) 
Colo clay 0.94 0.60 26 
0.94 0.64 7 
1.05 0.54 22 
1.08 0.52 21 
1.09 0.49 20 
1.09 0.48 20 
1.11 0.44 17 
1.15 0.41 15 
1.17 0.21 14 
1.22 0.30 11 
1.30 0.14 9 
Ida silt 1.29 0.37 12 
loam 
1.38 0.17 7 
1.39 0.21 6 
aMoisture content of soil corresponds to 100 centimeters 
tension except for the second entry under Colo clay where the 
moisture content corresponds to 10 centimeters of water ten­
sion. Rates of root elongation are for short periods of time 
(approximately 1 week). 
bAeration porosity is for 100 centimeters water tension 
except for second entry of Colo clay where corn seedlings 
were grown in soil samples under 10 centimeters of water 
tension. 
Figure 7. Regression of total length of primary and secondary 
roots on time for corn seedlings grown in artificially 
compacted Colo clay at three bulk densities 
o BD =0.94, L=0.75+0.601 
A BD = 1.10, L= 1.30+0.30 t 
• BD =1.30, L=-3.50 + 0.14t 
COLO CLAY 
80=1.309^ 
15 30 45 60 75 90 
TIME AFTER GERMINATION (hrs.) 
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Figure 8. Regression of total length of primary and secondary 
roots on time for corn seedlings grown in artificially 
compacted Ida silt loam at three bulk densities 
+0.47+ 
7+0 
LOAM 
20 40 60 80 100 120 140 
TIME AFTER GERMINATION (hrs.) 
o 
o 
Figure 9. Regression of needle penetration on bulk density 
for Colo clay and Ida silt loam where the moisture 
tension was 100 centimeters of water and where 
the load on the needle was 50 grams 
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and bulk density for Colo clay and Ida silt loam at a moisture 
tension of 100 centimeters of water. It is seen for both 
soils that needle penetration decreased in a linear manner as 
bulk density increased. 
Figure 10 shows the relationship of the growth rate of 
primary and secondary corn seedling roots and bulk density of 
Colo clay. The data of Figure 10 are for the Colo clay of 
Table 20. The relationship appears to be linear; the growth 
rate decreased at a constant rate as bulk density increased. 
The correlation coefficient r of growth rate and bulk density 
is -0.923 and is significant at a level less than the 0.001 
level. The absolute value of "t" calculated from the correla­
tion coefficient r is 6.78 while the t (0.001) is 5.04. A 
plot of the growth rate of corn seedlings versus needle pene­
tration would yield a relation similar to that shown in Figure 
10 except that the slope of the line would be positive instead 
of negative. 
Rigidity of pore structure 
Table 21 shows the depth of penetration of corn seedling 
roots into sand in glass tubes of varying diameters, the sand 
having particle sizes ranging from 250 microns to 500 microns. 
In presenting the results of Table 21 it is emphasized that 
aeration was not limiting. The tubes were saturated only for 
a short time every 48 hours with nutrient solution and then 
Figure 10. Regression of growth rate on bulk density for total 
length of primary and secondary corn seedling roots, 
grown for periods of time of approximately 1 week 
in Colo clay 
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Table 21. Depths of penetration (millimeters) of corn 
seedling roots grown in glass tubes of varying 
diameter which were filled with sand of particle 
sizes ranging between 250 and 500 microns 
Replication Tube diameter (mm.) 
number 6 9 17 22 
1 12 36 74 139 
2 17 93 108 135 
3 10 40 89 — — 
Mean 13 56 90 137 
allowed to drain. The measured percent of air pore space in 
the sand after draining for 12 hours ranged from 20 to 30 per­
cent, independent of the size of the tubes ; after 12 hours 
the air pore space would have been larger. Thus, there was 
not a difference in aeration between the smallest and largest 
tubes and aeration in all was more than adequate (Wesseling 
and Van Wljk 1957, see especially pages 467 and 471). 
It can be seen in Table 21 that the depth of root pene­
tration increased as the diameter of the glass tubes increas­
ed. A photograph of the corn seedling roots after their re­
moval and placement in other tubes may be seen in Figure 11. 
The penetration measurements made with the No. 36 drill 
bit yielded the results of depth of penetration versus diam­
eter of tube shown in Figure 12 for which each point is an 
average of 10 measurements. For the size tubes considered, 
Figure 11. Photograph of corn seedling roots grown in glass 
tubes of varying diameters filled with sand 
particles ranging in size from 250 to 500 microns; 
diameters of tubes in which seedlings were grown 
(not the tubes shown) are: (A) 22 millimeters, 
(B) 17 millimeters, (C) 9 millimeters, and (D) 6 
millimeters; size of the roots in the photograph 
are approximately the actual size; all the corn 
seeds were planted 3.5 centimeters below the 
sand surface 

Figure 12. Variation of depth of penetration of a No. 36 
drill bit (2.7 millimeters in diameter) with 
diameter of glass tubes filled with dry sand of 
particle size ranging from 250 to 500 microns; 
a 50 gram weight was loaded on the drill bit 
DEPTH OF PENETRATION OF A 
NO. 36 DRILL BIT (mm) 
— — i\> ^ 
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68 
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depth of penetration was a linear function of the tube diam­
eter. (However, at some tube diameter greater than 22 milli­
meters, the depth of penetration would, from physical reason­
ing, have to remain essentially constant as the tube diameter 
Increases.) Figure 12 has shown that the depth of drill 
penetration varied linearly with the tube diameter. There­
fore, depth of drill penetration Is a measure of rigidity of 
pore structure, that is, a measure of mechanical Impedance. 
Accordingly, depth of drill penetration may properly be con­
sidered es a dependent variable against which root penetra­
tion may be plotted; and this is done in Figure 13 with depth 
of drill penetration on the x-axis. The depth of root pene­
tration of corn seedlings into the glass tubes increased 
linearly as depth of penetration of the drill bit Increased. 
In similar tube experiments, where corn seedlings were 
grown In tubes differing in diameter filled with Colo clay and 
Ida silt loam aggregates ranging in size from 250 to 500 
microns In diameter, the depths of penetration of the corn 
seedling roots were found, unlike the situation for sand, to 
be the same for the 6-, 9-, 17- and 22-mi111meter glass tubes. 
However, the total length of roots in the 6- and 9-mllllmeter 
tubes was approximately 50 percent of the total length of 
tubes in the 17- and 22-millimeter tubes and, thus, it appears 
again that mechanical Impedance reduced root growth. 
Figure 13. Depth of penetration of corn seedling roots 
compared with depth of penetration of a No. 36 
drill bit (2.7 millimeters in diameter) in a 
growth medium of sand contained in glass tubes 
of differing diameters which provided varying 
amounts of mechanical impedance Indicated by 
the drill depths 
90 
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DISCUSSION 
Field Experiment 
Plant measurements 
It has been seen in Table 2 that emergence of corn seed­
lings was greatly reduced, approximately 45 percent, by sur­
face compaction. It is conceivable that the extreme surface 
compaction applied to the plots could have reduced emergence 
100 percent; however, in 1957 when the emergence study was 
conducted, the surface soil developed cracks about 2 inches 
deep and in a network of about every 3 to 4 inches on the 
surface of the soil. Consequently most of the seedlings which 
emerged on the compaction treatments emerged through the 
cracks. The reduced emergence found in the emergence study 
would in general cause a considerable reduction In final 
yield of corn; but it Is to be remembered that the reduc­
tion in emergence reported above is not reflected in any 
other plant measurement because the plants on which the 
emergence study was conducted were destroyed at the end of 
the emergence study. 
The delaying of tasseling and silking of the corn plants 
by compaction shown in Table 4 could be an important factor 
affecting final yield in years of early killing frosts. 
The moderate and severe compaction treatments as com­
pared to the normal compaction treatment at either fertility 
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level reduced plant heights, total yield of N, P, and K per 
20 leaves at silking time, dry weight of roots in 2 cubic 
feet of soil, and yield of corn as has been seen In Tables 
3, 5, 7, and 8. The 1958 plant measurement values from these 
several tables have been combined into Table 22 where the 
value of the normal compaction, added fertility treatment is 
taken as unity. The values in each vertical column are about 
the same. Thus, these various measures of plant growth have 
Table 22. Relative plant heights, relative total yield of N, 
P, and K per 20 leaves at silking time, relative 
dry weight of roots in 2 cubic feet of soil, and 
relative corn yield for various compaction treat­
ments on Colo clay in 1958 where the normal 
compaction, added fertility treatment is taken 
to be unity 
Relative Relative 
plant total up- Relative Rela-
helghts take of N, dry tive 
June July July P. and K weight corn 
Treatment 26 8 18 N P K of roots yield 
Added fertility 
Normal 
compaction 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
Moderate 
compaction 0.67 0.67 0.71 0.81 0.81 0.81 0.73 0.74 
Severe 
compaction 0.63 0.62 0.62 0.73 0.73 0.75 0.64 0.59 
Existing fertility 
Normal 
compaction 0.68 0.71 0.72 0.55 0.65 0.71 0.58 0.53 
Moderate 
compaction 0.40 0.40 0.44 0.51 0.54 0.52 0.31 0.34 
Severe 
compaction 0.39 0.38 0.42 0.39 0.41 0.41 0.25 0.25 
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responded in a like manner to compaction: all growth re­
sponses reduced in approximately equal proportion. 
Physical measurements 
It has been seen that the only physical property which 
was significantly related to plant growth was mechanical im­
pedance. Other properties, soil moisture, soil temperature, 
and soil air, were not significantly different in the various 
compaction treatments and were hot significantly correlated 
with yields. Nevertheless, some additional comments on the 
latter three physical properties and their measurements need 
to be made. During mid-June in 1957 and during late June and 
early July In 1958 excess moisture could have limited growth 
since floods occurred at these times. The field compaction 
experiment was flooded In the third week of June in 1957 for 
approximately 8 hours and twice during the fourth week of June 
and the first week of July in 1958, once for approximately 
8 hours and once for approximately 24 hours. The corn plants 
were not completely submerged and recovered quickly upon 
recession of the water; however, the plants on the normal 
compacted plots appeared to recover a little more quickly 
than did the plants on the compacted plots. It is probable 
that the floods retarded plant growth on all treatments, but 
plant-height measurements taken a few days before and after 
the floods in 1958 did not show any retarding effects result­
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ing from compaction-flooding interactions. The relative plant 
heights on June 26, 1958, 4 days before the first flood and 
on July 8, 1958, 4 days after the last flood were almost the 
same (see columns two and three of Table 22 for relative plant 
heights on these two dates). 
It Is emphasized that there was not a significant statis­
tical difference in the moisture content, oven-dry weight 
basis, between treatments for any of the numerous moisture 
samplings. Only one such moisture sampling has been shown 
(Table 19). None of the numerous moisture samplings (approxi­
mately 18 for 1956, 1957, and 1958) showed any difference In 
moisture content between treatments. 
There also was no difference in the maximum and minimum 
soil temperature at the 4-inch depth in 1956 as was seen in 
Table 17. 
It would seem that the percent oxygen content of the soil 
air should be higher for. the normal compaction treatment than 
for the moderate and severe compaction treatments. No such 
difference was found in 1956 or 1957; and for this reason, 
percent oxygen content was not measured In 1958. The percent 
oxygen content of the soil air for the growing seasons of 
1956 and 1957 was approximately 13 percent when averaged over 
the seven sampling dates of each year and ranged from 
approximately 10 percent to approximately 18 percent for all 
treatments. It is generally accepted that 10 percent oxygen 
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in the soil air is adequate for normal growth of most field 
crops; Harris and Van Bavel (1957a, 1957b), for example, found 
that nutrient uptake by tobacco and respiration by tobacco, 
corn, and cotton roots, remained relatively constant until 
concentrations of oxygen dropped below 10 percent. Since the 
percent oxygen contents found were equal to or higher than the 
10 percent accepted as needed, it is concluded that lack of 
oxygen in the soil air did not limit plant growth on either 
the compacted or non-compacted plots. 
The air permeability (Figure 6) for the normal compaction 
treatment was found to be strikingly higher than for either 
the moderate or severe compaction treatments. This does not 
necessarily indicate that the oxygen content of the soil air 
of the normal compaction treatment was higher than the oxygen 
content of the soil air of the moderate and severe coop action 
treatments. There could still be high oxygen content in the 
compacted soil because the principal process by which inter­
change of the soil air and the atmospheric air occurs is dif­
fusion and not mass flow; air permeability is characterized by 
mass flow. Diffusion flow can occur through much smaller 
cavities than can mass flow as has been pointed out by Baver 
(1956), pages 210-218, who refers to the work of Buckingham, 
Taylor, Van Bavel, and others. A sand having 30 percent free 
pore space could have a high permeability to air while a clay 
of 30 percent free pore space could have an extremely low 
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permeability to air; but both could have a high diffusion 
rate. In fact diffusion rates for the two soils could be 
about the same because pore spaces in sand and pore spaces in 
clay both look large to an oxygen molecule. Therefore, the 
higher air permeability of the normal compaction treatment as 
compared to the moderate and severe compaction treatments does 
not Indicate that aeration was limiting in the soil of the 
moderate and severe compaction treatments. To conclude the 
discussion of the field experiment, mechanical impedance to 
root growth will be further considered. Mechanical impedance 
has been measured with the needle penetrometer and it has been 
seen that a highly significant correlation existed between 
needle penetration and bulk density. Therefore bulk density 
may be taken as a measure of mechanical impedance for Colo 
clay and yields may be related to bulk density rather than 
mechanical impedance as such. The correlation of yield of 
corn and bulk density shown in Figures 3 and 4 was found to 
be significant at the 0.02, 0.01, 0.005, and 0.001 levels 
depending upon the year, 1957 or 1958, the fertility level, 
and the method of obtaining bulk density. Yield and bulk 
density were not found to be correlated in 1956 and this is 
believed to be the result of row-cultivating the experiment 
in 1956. The experiment was not row-cultivated in either 
1957 or 1958. Needle penetration and yield correlated to a 
greater degree than did bulk density and yield. All the 
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penetration data and yield data for the existing and added 
fertility levels given in Table 14 were significant at a level 
less than the 0.005 while some of the correlation coefficients 
of yield and bulk density were significant at the 0.02 level. 
The fact that needle penetration was more closely cor­
related with yield than was bulk density has an explanation. 
The needle of the needle penetrometer is similar in size and 
shape to the tip of a corn root and the needle should, there­
fore, encounter resistances to penetration as encountered by 
a growing root tip. Bulk density as such does not reflect the 
resistance the root will encounter. For example, roots may 
pass more easily through a sand of high bulk density than 
through a clay of lower bulk density. 
Laboratory Experiment 
Root elongation 
From the results of the field experiment, it was seen 
that soil moisture, soil temperature, and soil aeration were 
approximately the same for all treatments and that these 
physical properties, therefore, did not cause the marked dif­
ferences found in growth and yield of corn. It was also seen 
that mechanical impedance as measured by bulk density and 
needle penetration reduced growth and yield of corn. As a 
consequence, the effect of mechanical impedance as measured 
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by bulk density and needle penetration was studied further 
in the laboratory under better controlled conditions. A dis­
cussion of this study follows. 
Consider again Table 20 which reports rates of corn seed­
ling root elongation in soil cores at varying bulk densities 
and varying aeration porosities. Here one sees that the 
growth rate of primary and secondary corn seedling roots de­
creased as bulk density Increased. The rate of root elonga­
tion also decreased as aeration porosity at 100 centimeters 
of water tension decreased. The question arises: was the 
decreased root growth due to the decreased aeration or due 
to the Increased bulk density? To clarify this point, corn 
seedlings were grown In soil samples at a bulk density of 
0.94 g. per cc. and at two widely different aeration poro­
sities of 7 and 26 percent (first and second entries in Table 
20). The rate of root elongation for these two samples of 
widely varying aeration porosities and of the same bulk 
density was about the same (0.64, for 7 percent aeration 
porosity ; and 0.60, for 26 percent aeration porosity). There­
fore, it is concluded that aeration porosity of the Colo clay 
soil samples was not noticeably influencing the growth of 
corn seedlings even when the aeration porosity was as low as 
7 percent; mechanical impedance (as measured by bulk density 
or by needle penetration) appears to be the factor limiting 
the growth of the corn seedlings. 
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The correlation of the growth rate of corn seedling 
roots and bulk density of Colo clay was found to be signifi­
cant at the 0.001 level, and over 85 percent of the variation 
was due to bulk density, as can be seen from the correlation 
coefficient in Figure 10 (r = -0.923, r2 = 0.85). A similar 
correlation coefficient would be found if growth rate were 
to be correlated with needle penetration, since needle pene­
tration of the Colo clay was a linear function of bulk density 
as was noted In Figure 9 (Figure 9 also shows a plot of pene­
tration versus bulk density for Ida silt loam which will not 
be further discussed). 
In Figures 7 and 8, length of roots was shown as a 
linear function of time. But there is a question as to 
whether the total length of primary and secondary roots 
actually is a linear function of time. A closer examination 
of Figures 7 and 8 shows that total root length versus time 
may be a portion of an exponential relation. The data of the 
following references verify In part that the root growth 
curves may be exponential: Hammond and Kirkham (1949), 
Robertson (1923), and Blackman (1919). These workers and 
others have found that the total dry weight of the above-
ground parts of many plants can be expressed as an exponential 
function of time for different stages of growth and in some 
cases for the total life span of the plant. Also, a plot 
(length of corn seedling shoots—not roots—versus short 
100 
periods of time at varying temperatures) of the data of 
Lehenbauer (1914) shows an exponential type growth curve. 
Since in this study a linear function of time describes, 
for the short periods of time considered, the root elongation 
data well enough and explains 80 to 98 percent of the vari­
ation in the total length of roots, it does not seem worth­
while to fit the experimental data with exponential curves. 
Rigidity of pore structure 
The results of the experiment in which corn seedling 
roots were grown in narrow, glass tubes filled with sand of 
several diameters are in agreement with results found by 
Wiersum (1957) for other plant species as can be seen by com­
paring Wlersum' s data (Table l) with the present data (Table 
21). 
In other of the present experiments where corn seedlings 
were grown in narrow, glass tubes filled with Colo clay and 
Ida silt loam aggregates, the depth of root penetration was 
found to be the same in all the tubes regardless of the diam­
eter of the tube even though thë quantity of roots was much 
less in the smaller tubes. The reason why the roots pene­
trated to the same depth in all the tubes filled with soil is 
believed to be a result of the ability of the individual soil 
aggregates to change shape under the pressure applied by the 
growing roots. On the other hand, roots in the tubes of 
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various diameters filled with sand did not penetrate to the 
same depth as a result of the Inability of the individual sand 
particles to change shape under the pressure applied by the 
growing roots. In any event, it is emphasized, whether the 
tubes were filled with soil aggregates or sand, the smaller 
the tube, the smaller was the quantity of roots produced. 
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SUMMARY AND CONCLUSIONS 
A soil compaction study was made (a) to measure various 
soil physical properties, and thereby determine, if possible, 
some measurable physical property or properties which influ­
ence corn growth and yield under field conditions, and (b) to 
study, subsequently, more intensively in the laboratory the 
physical property or properties, if any, which might be found 
to influence growth and yield of corn under field conditions. 
The soil physical properties considered were: soil aeration, 
soil temperature, soil air, and mechanical impedance to root 
growth and to seedling emergence. 
The field soil compaction experiment (located on Colo 
clay) was conducted for three years and consisted of three 
levels of compaction and two levels of fertility. Large and 
significant differences in plant measurements were found to 
be related to compaction and fertility levels. The plant 
measurements were seedling emergence, plant height, total 
yield of N, P, and K per 20 leaves, tasseling and silking 
dates, quantity of roots in 2 cubic feet of soil, and grain 
yield. The large differences found in seedling emergence 
between treatments were not reflected in the other plant 
measurements since plants of the emergence study were destroy­
ed upon emergence, other seedlings having been planted and 
thinned to a standard number per acre for other studies. 
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In the field compaction experiment the following three 
physical measurements did not show significant differences 
between compaction treatments: (l) soil moisture (expressed 
as percent water on the oven-dry weight of soil basis), (2) 
soil temperature at the 4-inch depth, and (3) soil aeration 
at the 9-inch, 2-foot, and 3-foot depths as measured by the 
percent oxygen content in the soil atmosphere. The follow­
ing physical measurements did show significant differences: 
mechanical impedance as characterized by bulk density and 
needle penetration, aeration porosity of the 1/2-inch to 
1 l/2-inch depth at one-third atmosphere pressure and in air 
permeability of the surface 7 centimeters of soil. Even 
though there were significant differences In aeration poro­
sity and air permeability, these two physical properties were 
found not to be associated with percent oxygen content of the 
soil atmosphere. Yield of corn, at the different levels of 
soil compaction was found to be correlated significantly with 
bulk density and needle penetration. Although aeration poro­
sity and air permeability were correlated with yield, measure­
ments of percent oxygen content in the soil atmosphere showed 
that oxygen was always high enough for normal plant growth. 
Because of the highly significant correlations between 
bulk density and needle penetrability found in the field 
these two properties were the ones which were studied in two 
experiments in the laboratory. 
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In the first laboratory experiment corn seedlings were 
grown in artificially compacted samples of Colo clay taken 
from the site of the field experiment. At the time of seed­
ing, the samples were saturated with water, then placed on a 
tension plate and subjected to 100 centimeters of water ten­
sion. The length of corn seedling roots was then measured at 
various time intervals throughout the following 7 to 10 days 
during which the seedlings were kept in a dark room at the 
constant temperature of 25°C. It was found that the growth 
rates of young corn seedling roots decreased as bulk density 
increased or as needle penetration decreased. Further it was 
found that aeration porosity also decreased as the growth 
rates decreased but the experimental results showed that the 
growth rate of young corn seedling roots was as large In 
samples of 7 percent aeration porosity as in samples of 26 
percent aeration porosity where the bulk density was constant 
for both aeration porosities; thus, the reduced growth rates 
were concluded to be due to mechanical impedance and not 
aeration. 
In the second laboratory experiment corn seedlings were 
grown in 6, 9, 17, and 22 millimeters diameter glass tubes 
filled with sand particles ranging in size from 250 to 500 
microns. At the time of seeding, the tubes of sand were 
saturated with nutrient solution and then allowed to drain 
by gravity; the tubes were saturated every other day. The 
105 
aeration porosity of the samples was the high value, approxi­
mately 25 percent, for all tube diameters. Mechanical im­
pedance was characterized by the penetration of a No. 36 
drill bit (2.7 millimeters in diameter) Into the various 
diameter tubes when the sand in them was dry. It was found 
that depth of root penetration varied directly as the pene­
tration of the drill bit, which in turn varied directly as 
the diameter of the tube. Decreasing the size of the tubes 
in this second laboratory experiment was equivalent to in­
creasing the bulk density in the first laboratory experiment. 
Corn seedlings were also grown in the tubes of various diam­
eters when filled with Colo clay and Ida silt loam aggregates 
of 250 to 500 microns in diameter. It was found that the 
corn seedling roots penetrated to the same depth in all the 
various diameter tubes even though the total length of roots 
in the smaller diameter tubes was approximately one-half the 
total length of roots in the larger diameter tubes. 
On the basis of the results of this study it is concluded 
that: 
1. Mechanical impedance as characterized by bulk density 
and needle penetrability limits growth and elonga­
tion of roots considerably more than has previously 
been recognized. 
2. Needle penetrability is a slightly more sensitive 
Indicator of mechanical impedance of soil than is 
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bulk density. 
3. Needle penetration appears also to be a more sensi­
tive index to final yields than is bulk density. 
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APPENDIX A 
Table 23. Total yield* (grams) of N, P, and K per 20 leaves at silking time in 
1957 and 1958 for various treatments for compaction experiment on 
Colo clay 
Existing fertility Added fertility-*3 
Ele- Block Normal Moderate Severe Normal Moderate . Severe 
Year ment no- compaction compaction compaction compaction compaction compaction 
1 1.80 1.43 1.16 2.28 1.66 .1-81 
2 1.60 1.72 1.57 1.86 2.06 •1.80 
3 1.60 1.43 1.62 2-16 1.90 1.63 
4 2.01 1.46 1.71 2.41 1.86 1.89 
5 1.78 1.68 1.70 2.87 1.93 2.00 
6 1.56 1.81 1.71 2.58 1.95 1.88 
7 2.30 1.47 1.71 2.52 1.97 2.04 
8 1.84 1.61 1.41 2.44 1.97 1.84 
Mean 1.81 1.58 1.57 2.39 1.91 1.86 
1 0.26 0.19 0.20 0.28 0.21 0.22 
2 0.28 0.22 0.20 0.27 0.24 . 0.22 
3 0.27 0.22 0.21 0.27 0.92 0.19 
4 0.29 0.21 0.21 0.34 0.22 0.21 
5 0.28 0.22 0.22 0.32 0.20 0.2.3 
6 0.24 0.22 0.20 0.33 0.24 0.22 
7 0.30 0.20 0.21 0.28 0.24 0.26 
8 0.29 0.23 0.19 0.27 0.23 0.22 
Mean 0.28 0.21 0.21 0.30 0.22 0.22 
aEach value is the average of duplicate samples. 
bThere were 85 + 80 + 20 pounds per acre of N, Pg0$, and KgO fertilizer, re­
spectively , applied to the added fertilizer treatment in 1957. In 1958 the nitrogen 
application was doubled while the P and K application remained the same as In 1957. 
Table 23. (Continued) 
Existing fertility Added fertility 
Ele- Block Normal Moderate Severe Normal Moderate Severe 
Year ment no. compaction compaction compaction compaction compaction compaction 
1 1.10 0.85 0.87 1.18 1.06 1.14 
2 1.26 1.04 0.99 1.26 1.22 1.05 
3 1.14 0.89 0.92 1.35 0.98 0.92 
4 1.26 1.00 1.04 1.46 1.05 1.10 
5 1.29 1.19 1.13 1.61 1.12 1.20 
6 1.27 1.12 1.08 1.72 1.22 1.13 
7 1.53 0.97 1.06 1.39 1.26 1.26 
8 1.43 1.15 0.95 1.42 1.21 1.12 
Mean 1.28 1.03 1.00 1.42 1.14 1.12 
1 1.88 1.38 1.4-6 3.27 2.82 2.05 
2 2.19 1.89 1.47 3.06 2.77 1.82 
3 2.02 1.95 1.33 3.49 2.89 1 2.48 
4 2.13 1.65 1.38 3.15 2.78 2.72 
b 1.45 1.94 1.21 3.77 2.20 • 2.75 
6 1.18 1.71 1.29 3.57 3.20 1.90 
7 2.12 1.20 0.89 3.07 2.40 2.66 
8 1.16 1.47 1.05 3.19 2.70 2.32 
Mean 1.77 1.65 1.26 3.21 2.60 2.34 
Table 23. (Continued) 
. Existing fertility Added fertility 
Ele- Block . Normal Moderate Severe Normal Moderate Severe 
Year ment no. compaction compaction compaction compaction compaction compaction 
1 0.27 0.16 0.17 0.34 ' 0.32 0.24 
2 0.26 0.23 0.17 0.37 ' 0.30 0-24 
3 0.25 0.23 0.15 0.37 0.31 0.30 
4 0.27 0.22 0.16 0 .39 0.33 0.29 
5 0.21 0.22 0.14 0.42 0.26 0.29 
6 0.21 0.19 0.16 0.40 0.35 0.25 
7 0.27 0.17 0.13 0.31 0.26 0.28 
8 0.17 : 0.18 0.14 ; 0.33 0.28 0.27 
Mean 0.24 0.20 0.15 0.37 0.30 0.27 
1 1.70 0.86 1.02 1.98 1.70 1.4-4 
2 0.57 1.40 1.06 2.21 1.76 1.46 
3 1.53 1.13 0.88 1.97 1.56 1.68 
4 1.72 1.26 0.98 2.49 1.66 1.71 
5 1.27 1.13 0.84 2.20 1.78 1.60 
6 1.31 1.06 0.96 2.33 2.13 1.58 
7 1.70. 1 0.97 0.63 1.70 1.43 1.63 
8 1.26 1.03 0.56 2.16 1.80 1.60 
Mean 1.51 1.10 0.87 2.13 1.73 1.59 
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Table 24. Bulk densitya (g. per ce.) of surface foot of soil for individual plots 
(St various treatments for 1956 and 1957b for compaction experiment on 
Colo clay 
Existing fertility Added fertility 
Depth Block Normal Moderate Severe Normal Moderate Severe 
Year (in.) no. compaction compaction compaction compaction compaction compaction 
0-3 . : l 1.14 1.17 1.13 1.08 1.14 1.16 
2 1.02 1.12 1.25 1.10 lill 1.20 
3 1.11 1.20 1.14 1.18 1.16* 1.17 
» » 4 1.05 1.17 1.24 1.13 1.26 1.04 
5 1.11 1.25 1.21 1.11 1.22 1.14 
6 1.06 1.08 1.16 1.10 1.13 1.15 
. 7 1.11 1.19 1.17 1.12 1.23 1.20 
8 1.12 1.15 1.11 0.97 1.13 1.18 
«• 
Mean 1.09 1.17 1.18 1.10 1.17 1.16 
3-6 1 1.39 1.40 1.39 1.35 1.40 1.54 
2 1.38 1.36 1.40 1.35 1.40 1.46 
3 1.36 1.41 1.36 1.37 1.37 1.45 
4 1.35 1.33 1.41 1.38 1.35 1.41 
e 5 1.39 1.39 1.42 1.36 1.38 1.44 
6 1.32 1.41 1.32 1.33 1.39 1.43 
7 1.33 1.35 1.43 1.31 1.36 1.31 
* 8 1.37 1.40 1.42 1.37 1.39 1.37 
Mean 1.36 1.38 1.39 1.35 ' 1.38 1.43 
aEach value for 1956 and 1957 is the mean of four samples. ° 
•5 
t>Bulk -density for 1958 as determined by the core and radiation methods can be 
found in Table 12. • 
Table 24. (Continued) 
Existing fertility - Added fertility 
Depth Block Normal Moderate Severe Normal Moderate Severe 
Year (in.) no. compaction compaction compaction compaction compaction compaction 
1 1.40 1.41 1.45 1.34 1.32 1.43 
2 1.35 1.33 1.32 1.32 1.32 1.35 
3 1.36 1.32 1.42 . 1,36 1.38 1.38 
4 1.35 1.34 1.33 1.31 1.31 1.35 
5 1.40 1.39 1.45 • 1.41 1.33 1.44 
6 1.36 1.38 1.42 1.36 1.37 1.36 
7 1.40 1.40 1.32 1.32 1.39 1.35 
8 1.37 1.40 1.32 1-37 1.37 1.41 
Mean 1.37 1.37 1.38 1.35 1.35 1.38 
1 1.34 1.35 1.35 1,31 1.36 1.39 
2 1.32 1.31 1.34 1.34 1.35 1.35 
3 1.33 1.33 1.38 1.34 . 1.37 1.35 
4 1.34 1.31 1.36 1.33 1.33 1.34 
5 1.36 1.37 1.34 1.37 1.39 1.38 
6 1.38 1.37 1.35 1.34 1.36 1.38 
7 1.3? 1.37 1.40 1.34 1.33 1.37 
8 1.44 1.35 1.33 1.32 • 1.36 1.36 
Mean 1.36 1.35 1.36 1.34 . 1.36 1.37 
Table 24. (Continued.) 
° Existing fertility • Added fertility 
Depth Block Normal Moderate Severe Normàl Moderate Severe 
Year (in.) no. ç compaction compaction compaction compaction compaction compaction 
1 1.14 1.37 1.36 1.04 , 1.29 1.34 
2 0.99 1.34 1.30 1.05 1.34 1.30 
3 1.04 1.37 1.37 1.25 1.37 1.34 
4 1.14 1.34 1.27 1.06 1.34 1.30 
5 1.10 1.27 1.38 1.15 1.35 1.34 
6 1.19 1.33 1.31 1.18 • 1.31 1.31 
7 1.14 1.32 1.42 1.00 : 1.28 1.40 
8 * ' 1.14 1.32 1.30 1.06 1.34 1.34 
Mean 1.11 1.33 1.34 1.10 1.33 1.33 
1 • 1.36 1.49 1.53 1.35 1.45 1.50 
2 1.28 1.41 1.44 1.30 1-.39 1.46 
3 „ 1.36 1.45 1.49 1.36 1.54 1.50 
4 ° 1.36 1.44 1.45 1.30 1./40 1.47 
5 1.36 1.45 1.51 1.39 1.47 1.45 
6 1.38 1.44 1.46 1.32 1.48 1.45 
7 .1.32 1.46 1.50 1.27 1:48 1.51 
8 , 1.36 1.44 1.44 1.36 1..49 1.44 
Mean 1.35 1.45 1.48 1.33 1.46 1.47 
Table 24. (Continued) 
.
: Existing fertility Added fertility 
Depth Block Normal" ModerateSevere Normal Moderate Severe 
Year (in.) no. compaction compaction compaction compaction compaction compaction 
1 1.40 1.46 1.46 1.37 1.40 1.42 
2 - 1.36 1.34 1.33 1.34 . 1.42 1.36 
3 1.34 1.40 1.42 1.38 1.41 1.43 
4 1.34 1.34 1.36 1.38 . 1.32 1.39 
5 1.38 1.43 1.44 1.42 1.40 1.45 
6 1.35 1.41 1.42 1.41 1.40 1.44 
7 « 1.34 1.39 1.41 1.38 1.38 1.38 
8 1.32 1.42 1.40 1.36 1.38 1.40 
Mean 1.35 1.40 1.40 1.38 1.39 1.41 
1 1.35 1.36 1.38 1.30 1.29 1.33 
2 1.-33 1.30 1.31 1.33 1.35 1.32 
3 1.29 1.32 1.32 1.32 « 1.37 1.34 
4 * 1.31 . 1.27 1.33 1.30 1.32 1.33 
5 1.33 1.34 1.39 1.38 : 1.34 1.35 
6 1.32 1.35 1.38 1.36 1.34 1.40 
7 1.33. 1.36 1.37 1.31 1.37 1.34 
8 1.39 j 1.39 1.33 1.34 • 1.33 1.35 
Mean 1.33 1.34 1.35 1.33 1.34 1.34 
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Table 25. Needle penetration0 (1/10 mm. units) of surface 
soil of Individual plots of various treatments for 
three dates in 1957 and 1958 of compaction experi­
ment on Colo clay 
Existing fertility Added fertility 
Date Normal Moderate Severe Normal Moderate Severe 
and Block com- com- com- com- com- corn-
year no. paction paction paction paction paction paction 
Oct., 
1957 
June, 
1958 
1 87 55 48 84 53 49 
2 95 50 42 89 44 53 
3 82 64 48 88 55 52 
4 79 40 49 61 46 40 
5 92 34 39 83 42 44 
6 75 43 40 67 46 43 
7 70 39 58 106 54 42 
8 94 55 54 82 56 44 
Mean 84 48 47 83 50 46 
1 62 37 34 52 27 35 
2 91 30 34 58 34 36 
3 91 35 37 65 35 34 
4 49 31 33 83 37 34 
5 51 32 33 50 31 34 
6 67 33 30 59 35 29 
7 54 31 33 45 33 29 
8 57 27 32 46 32 29 
Mean 65 32 33 57 33 32 
^Measurements were made where the point of the needle was 
flush with the surface of the soil sample before releasing the 
needle. 
^Measurements were taken with a 200 gram weight on the 
needle; each value is the average of 15 readings and the 
values of the normal compaction treatments are adjusted to the 
mean moisture content of 29.4 percent on the oven-dry weight 
basis and the values of the moderate and severe treatments 
are adjusted to the mean moisture content of 27.9 percent on 
the oven-dry weight basis. 
^Measurements were taken with a 100 gram weight on the 
needle; each value is the average of 18 readings and the 
values of the normal compaction treatments were adjusted to 
the mean moisture content of 19.4 percent on the oven dry 
weight basis and the values of the moderate and severe com­
paction treatments were adjusted to the mean moisture content 
of 16.9 percent on the oven dry weight basis. 
123 
Table 25. (Continued) 
Existing fertility Added fertility 
Date Normal Moderate Severe Normal Moderate Severe 
and Block com- com- com- com- com- corn-
year no. paction paction paction paction paction paction 
July 
1958 
1 37 24 26 45 28 29 
2 41 24 22 38 27 25 
3 37 22 26 36 26 29 
4 37 23 28 37 23 30 
5 45 22 29 42 29 25 
6 45 26 26 38 21 25 
7 38 25 27 36 21 25 
8 46 24 21 43 26 25 
an 41 24 26 39 25 27 
^•Measurements were taken with a 50 gram weight on the 
needle; each value is the average of 18 readings and the 
values of the normal compaction treatment were adjusted to 
the mean moisture content of 28.4 percent on the oven-dry 
weight basis and the values of the moderate and severe com­
paction treatments were adjusted to the mean moisture content 
of 25.8 percent on the oven-dry weight basis. 
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Table 26. Average air permeability® (square microns) with time (hours) after the 
addition of 2 inches of water and range of the average air permeability 
(square microns) for the 0 to 7 centimeter layer of Colo clay soil in 
1957 and 1958 on the normal, moderate, and severe compaction treatments 
Time 
after 
addition 
of 2 in. 
of water Block 
Year (hours) no. 
Normal compaction 
Av. air Range in 
perm. air perm. 
Moderate compaction 
Av. air Range In 
perm. air perm. 
Severe compaction 
Av. air Range in 
perm. air perm. 
1957 5 1 19.9 0.0 to 61.1 0.0 
)2.6 0.0 
29.0 0.0 
L5.6 0.0 
0 . 0  
17 1 26.8 3.9 to 74.0 3.9 
58.1 3.9 
57.1 0.9 
2 35.5 0.0 to 
3 28.1 0.0 to 
4 32.0 0.0 to 
Mean 28.9 
2 49.4 0.0 to 
3 39.0 0.0 to 
4 48.1 0.0 to 
Mean 40.8 
1 32.9 5.6 to 
2 56.3 o.o to 
3 45.0 0.9 to 
4 55.4 0.0 to 
Mean 47.4 
2.7 
23 86.2 4.3 
77.1 4.8 
90.1 1.3 
39.2 3.0 
0.0 to 0.0 0.0 o.o to 0.0 
0.0 to 0.0 0.0 0.0 to o.o 
0.0 to 0.0 0.0 o.o to 0.0 
0.0 to 0.0 0.0 0.0 to 0.0 
0.0 
0.0 to 24.2 0.0 0.0 to 0.0 
0.0 to 30.7 0.0 o.o to 0.0 
0-0 to 6.1 0.0 0.0 to 0.0 
0.0 to 10.0 0.0 0.0 to 0.0 
0.0 
0.0 to 29.0 0.0 o.o to 0.0 
0.0 to 39.0 0.0 0.0 to 0.0 
0.0 to 7.8 o.o 0.0 to 0.0 
0.0 to 13.0 o.o 0.0 to 0.0 
H 
M 
cn 
3.4 0.0 
aEaeh average air permeability value reported is the mean of eight measure­
ments. 
Table 26. (Continued) 
Time 
after 
addition 
of 2 in. Normal compaction 
of water Block Av. air Range in 
Year (hours) no. perm. air perm. 
43 1 47.2 13.0 to 96.1 
2 85.3 2.2 to 333.8 
3 50.2 1.7 to 186.2 
4 67.5 0.0 to 246.8 
Mean 62.6 
68 1 58.5 10.0 to 126.0 
2 88.8 4.3 to 391.4 
3 65.0 1.7 to 236.4 
4 81.4 0.0 to 283.6 
Mean 73.4 
1958 1 1 33.7 8.3 to 73.8 
2 14.6 0.0 to 62.9 
3 25.0 0.0 to 70.0 
4 9.1 0.0 to 16.7 
Mean 20.6 
3 1 47.5 13.7 to 84.9 
2 18.0 0.0 to 68.6 
3 26.0 6*5 to 66.3 
4 8.3 0.0 to 19.0 
Mean 24.9 
Moderate compaction Severe compaction 
Av. air Range in Av. air Range in 
perm. air perm. perm. air perm 
6.1 0.0 to 36.4 0.0 0.0 to 0.0 
4.8 0.0 to 39.0 0.0 0.0 to 0.0 
2.2 0.0 to 10.8 0.0 o.o to 0.0 
3.9 0.0 to 17.8 0.4 0.0 to 2.2 
4.2 0.1 
12.1 0.0 to 57.2 0.0 o.o to 0.0 
6.1 0.0 to 50.2 0.9 o.o to 6.1 
3.5 0.0 to 17.3 0.0 o.o to 0.0 
6.5 0.0 to 28.6 1.3 o.o to 5.2 
7.0 0.6 
4.1 0.0 to 32.8 0.9 0.0 to 4.1 
0.0 0.0 to 0.0 0.8 o.o to 6.2 
1.7 0.0 to 4.9 1.3 0.0 to 5.2 
1.5 0.0 to 12.3 0.3 0.0 to 2.6 
1.8 0.8 
8.1 0.0 to 59.1 1.3 0.0 to 5.9 
0.0 0.0 to 0.0 1.9 0.0 to 9.4 
4.4 0.0 to 11.9 1.9 0.0 to 7.0 
2.0 0.0 to 14.8 1.3 o.o to 6.0 
Table 26. (Continued) 
Time 
after 
addition 
of 2 in. 
of water Block 
Year (hours) no. 
Normal compaction 
Av. air Range in 
perm. air perm. 
Moderate compaction 
Av. air Range in 
perm. air perm. 
Severe compaction 
Av. air Range in 
perm. air perm. 
23 1 57.0 16.0 to 106.1 10.3 0.0 to 64.1 0.9 0.0 to 7.2 
2 20.4 0.0 to 69.3 0.0 0.0 to 0.0 4.2 0.0 to 13.3 
3 29.6 9.7 to 70.7 7.9 0.0 to 20.4 2.5 0.0 to 7.8 
4 15.6 0.0 to 41.0 2.9 0.0 to 16.0 4.0 0.0 to 11.5 
Mean 30.6 5.3 2.9 
97 1 81.9 37.7 to 165.6 13.0 0.9 to 73.8 3.1 0.0 to 10.3 
2 29.9 4.6 to 83.8 0.6 0.0 to 2.1 7.8 1.4 to 18.8 
3 36.8 10.0 to 81.8 11.9 2.0 to 30.0 4.4 0.0 to 10.0 
4 17.0 2.8 to 44.4 7.3 1.3 to 22.4 8.7 4.1 to 17.9 
Mean 41.4 8.2 6.0 
146 1 145.2 67.9 to 339.6 18.9 1.0 to 106.1 9.2 0.0 to 30.8 
2 56.4 19.7 to 133.1 1.4 0.0 to 3.2 12.7 1.8 to 35.4 
3 46.0 11.3 to 125.7 18.9 2.7 to 61.7 13.7 2.0 to 31.4 
4 40.5 4.2 to 113.2. 15.8 1.7 to 47.8 23.3 8.6 to 67.9 
Mean 72.0 13.8 14.7 
